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THE MAILING DATE . OR THIS COMMUNICATION. f '^V. f ;" .. V / ; \ ; ^ ' ^ ; 
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- If NO period for reply is specrfied above, the maximum statutory period will apply and will expire SIX (6) MONTHS from'the nr^ailing date of this;communication.i 

- Failure to reply within the set-or extended period for reply will, by statute, cause Ihe application to become^ABANDONEQ (35 U.S,C, § 133). ; . . ^ 

- Any reply received by the Office Jater than three months after the mailing date of this communication, even if timely filed, may reduce any ■ ' 
earned patent term adjustment. See 37 CFR 1.704(b). ' ' .-r ^ ; .= . . ' ■ • 0' { Z-i' ) 

Status '-'^ ' ^' • rS. ' . : 
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Art Unit: 2881 

DETAILED ACTION 

Claim Rejections - 35 USC § 103 

1. The following is a quotation of 35 U.S. C. 103(a) which forms the basis for all 
obviousness rejections set forth in this Office action: 

(a) A patent may not be obtained though the invention is not identically disclosed or described as set forth in 
section 102 of this title, if the differences between the subject matter sought to be patented and the prior art are 
such that the subject matter as a whole would have been obvious at the time the invention was made to a person 
having ordinary skill in the art to which said subject matter pertains. Patentability shall not be negatived by the 
manner in which the invention was made. 

2. Claims 40-42, 48-50, 66-68, and 88-90, are rejected under 35 U.S.C. 103(a) as being 
unpatentable over Umstadter et al. (5,789,876) in view of Schultheiss et al. (5,576,593), and 
further in view of Slatkin et al. (5,339,347) and S.B. Segall (4,215,274). 

With respect to claims 40-42 and 48-50, Umstadter et al. disclose (Abstract; Figs. 4 and 
17; Col. 1, line 36-42; Col. 10, lines 18-37;) an accelerator comprising: a laser system (200); a 
target (3 10) to receive a laser pulse from said laser system (200); and a beam transport system 
operatively coupled to said target (310). Umstadter et al. also disclose that the transport system 
is capable of delivering energy of the electron beam up to 3 GeV (see Col. 1, line 36-42) while 
the Applicant's claim 48 teaches that the transport system has the capacity of delivering energy 
in the range of approximately 10 to approximately 500 MeV. Umstadter et al. fail to disclose 
that the target has a first layer and a second layer and that the laser pulse is capable of producing 
an energy per laser shot of between approximately 1 and 10 Joules. However, Schultheiss et al. 
disclose that the target has a first layer and a second layer (Col. 6, lines 40-45) and that the laser 
pulse capable of producing 1 and 10 Joules of energy (Col. 7, lines 8-11). 
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It would have been obvious to a person of ordinary skill in the art at the time the 
invention was made to recognize and substitute the apparatus for accelerating charged particles 
of Schuhheiss et al, into the apparatus for generating and accelerating ultra-short electron pulses 
of Umstadter et al. in order to obtain optimum acceleration of the electrons in a shorter distance 
thus allowing a much smaller overall apparatus. 

With respect to claims 66-68, Umstadter et al. disclose (Abstract; Figs. 4 and 
17; Col. 1, line 36-42; Col. 10, lines 18-37) an accelerator comprising: a laser system (200); a 
target (3 10) to receive a laser pulse from said laser system (200); and a beam transport system, 
but fail to disclose that the beam transport system is capable of delivering energy which may 
penetrate about 10 to about 20 cm beneath the surface of skin tissue in a treatment field, 
delivering energy to produce a dose per shot at a treatment field in the range of about . 1 to about 
10 Gy, or a dose per second at a treatment field of approximately . 1 to approximately 100 
Gy/second. However, Slatkin et al. disclose beam transport system which is capable of 
delivering energy which may penetrate about 10 to about 20 cm beneath the surface of skin 
tissue in a treatment field (Col. 7, lines 54-61), delivering energy to produce a dose per shot in 
the range of . 1 to 10 Gy (Col. 2, lines 27-32), or a dose per second of . 1 to 100 Gy/second (Col. 
2, lines 45-48). 

It would have been obvious to a person of ordinary skill in the art at the time the 
invention was made to recognize and substitute the method for performing radiation therapy on a 
patient of Slatkin et al. into the apparatus for generating and accelerating ultra-short electron 
pulses of Umstadter et al. in order to deUver the optimum dose and dose rate at a treatment field 
in a patient. 



Application/Control Number: 09/757, 150 Page 4 

Art Unit: 2881 

With respect to claims 88-90, Slatkin et al. disclose beam transport system which is 
capable of delivering energy which may penetrate beneath the surface of skin tissue in a 
treatment, but fail to disclose that the pulse is guided through a fiber optic section to the target in 
a treatment field. However, S.B. Segall discloses (claim 42; Col. 14, line 57 to Col. 15, line 4; 
and Col. 19, lines 53-59) the delivery of energy where the pulse is guided through a fiber optic 
section to the target. 

It would have been obvious to a person of ordinary skill in the art at the time the 
invention was made to recognize and substitute the deUvery of energy where the pulse is guided 
through a fiber optic section to the target of S.B. Segall into the method for performing radiation 
therapy on a patient of Slatkin et al. in order to deliver the optimum dose and dose rate at a 
treatment field in a patient. 

Conclusion 

3. The prior art made of record and not reUed upon is considered pertinent to applicant's 
disclosure. Rentzepis et al. (5,930,33 1) disclose a compact high-intensity pulsed X-ray source 
utilizing a pulsed laser to accelerate an electron beam. 

4. Any inquiry concerning this communication or earlier communications fi-om the 
examiner should be directed to Nikita Wells whose telephone number is (703) 305-0416. The 
examiner can normally be reached 8:30 AM - 5:00 PM. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 
supervisor, John R. Lee can be reached on (703) 308-41 16. . The fax phone numbers for the 
organization where this application or proceeding is assigned are (703) 872-93 18 for regular 
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communications and (703) 872-93 19 for After Final communications. Any inquiry of a general 
nature or relating to the status of this application or proceeding should be directed to the 
receptionist whose telephone number is (703) 308-0956. 

Nikita Wells 
Examiner, Art Unit 2881 
July 8, 2003 
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REVISED AMENDMENT PRACTICE: 37 CFR 1.121 CHANGED 
COMPLIANCE IS MANDATORY - Effective Date: July 30, 2003 



All amendments filed on or after the effective date noted above must comply with revised 37 CFR 1.121. See Final 
Rule: Changes To Implement Electronic Maintenance of Official Patent Application Records (68 Fed Reg. 
3861 1 (June 30, 2003), posted on the Office's %yebsite at: http://vmw.uspto.gov/vy eb/patents/ifw/ 
with related information. The amendment practice set forth in revised 37 CFR 1.121, and described below, replaces 
thevoluntaiy revised amendment format available to applicants since February 2003. NOTE: STRICT 
COMPLIANCE WITH THE REVISED 37 CFR 1.121 IS REQUIRED AS OF THE EFFECTIVE DATE (July 
30, 2003). The Office will notify applicants of amendments that are not accepted because they do not comply with 
revised 37 CFR 1.121 via a Notice of Non-Compliant Amendment. See MPEP 714.03 (Rev. 1, Feb. 2003). The non- 
compliant section(s) will have to be corrected and the entire corrected section(s) resubmitted within a set period. 

Bold underlined iialic font has been used bddw ta hiehliehi the major differences betwe en the revised 3 7 CFR 

1.121 and the voluntary revised amendment format that applicants could use since Febru ary. 2003. 

Note: The amendment practice for reissue and reexamination proceedings, except for drawings, has not changed. 

REVISED AMENDMENT PRACTICE 

L Begin each section of an ameridnieiit docutnent on' a separate sheet; 

Each section of an amendment document (e.g.. Specification Amendments, Claim Amendments, Drawing 
Amendments, and Remarks) must begin on a separate sheet. Starting each separate section on a new page will 
facilitate the process of separately indexing and scanning each section of an amendment document for placement in an 
image file wrapper. ]^ 

n. Two vergions of amended partfs^ no longer required: 

37 CFR 1.121 has been revised to no longer require two versions (a clean version and a mariced up version) of 
each replacement paragraph or section, or amended claim. Note, however, the requirements for a clean 
version and a marked up version for substitute specifications under 37 CFR 1.125 have been retained. 

X\ Amendments to the claims: 

Each amendment document that includes a change to an existing claim, cancellation of a claim or submission of a new 
claim, must include a complete listing of all claims in the application. After each claim number in the listing, the 
status must be indicated in a parenthetical expression, and the text of each pending claim (with markings to show 
current changes) must be presented. The claims in the listing will replace all prior claims in the application. 

(1) The current status of all of the claims in the application, including any previously canceled, not entered or 
withdrawn claims, must be given in a parenthetical expression followjng the claini number using only one of 
the following seven status identifiers: (original), (currently amended), (canceled), (withdrawn), (new), 
(previously presented) and (not entered). The text of all pending claims, ihcludine w ithdrawn claims, must 
be submitted each time any rJairfr is ahi^hdisd: 'G^celed and not entered claims must.be indicated by only 
the claim number arid statu?; without presefitipg.the text of the pjaims. , . , . , , : 

(2) The text of all claims being currentiv amended must be presented in the claim listing with markings to indicate 
the changes that have been made^refative to !t^^^ version. The changes in any amended claim 
must be shown by unde^:lining|fpVadde^ maner) or sfrikeArou^ (for deFeted matter>w4ffl :2 exceptions: (1) 
for deletion of five characters or fewer, double bmckets ntiiybd'iised /e ^e.. f/erdorin) iihkd) if 
strikethroueh cannot be easily perceived fe.e.. deletion of the number '^4/' or ce rtain punctuation marks). 
double brackets must be used feg.. ff4ll). As ar^ altemative to usinf double brackets, however, extra 
portions of text may be included before and after text beini deleted, all instr ikethrdui^h. followed by 
including and underlinine the extra text with the desired chariee (e.g., Humbct' 4 m nurnber 14 as) . An 
accompanying clean version is not required and should not be presented. Only claims of the status "currently 
amended," and 'Vithdravsrn" that are being amended, may include markings. 

(3) The text of pending claims not being currentiv amended, includine withdrawn claims, must bie presented in 
the claim listing in clean version, /.e.* without any n^arkings. Any claim text presented in clean version will 
constitute an assertion that it has not been changed relative to the immediate prior version except to omit 
markings that may have been present in the imniediatje prior version of the claims. 
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(4) A claim being canceled must be listed in the claim listing with the status identifier "canceled"; the text of the 
claim must not be presented. Providing an instruction to cancel is optional. 

(5) Any claims added by amendment must be presented in the claim listing with the status identifier "(new)"; the 
text of the claim must not be underlined. 

(6) All of the claims in the claim listing must be presented in ascending numerical order. Consecutive canceled, 
or not entered, claims may be aggregated into one statement {e.g.. Claims 1 - 5 (canceled)). 

Example oflteting of claims fuse of the word "claim" b efore the claim number is optional): 

Claims 1-5 (canceled) 

Claim 6 (previously presented): A bucket with a handle. 

Claim 7 (withdrawn): A handle comprising an elongated wire. 

Claim 8 (withdrawn): The handle of claim 7 further comprising a elastic grip. 

Claim 9 (currently amended): A bucket with a ^ee» blue handle. 

Claim 10 (original): The bucket of claim 9 wherein the handle is made of wood. 

Claim 1 1 (canceled) 

Claim 12 (not entered) 

Claim 1 3 (new): A bucket with plastic sides and bottom. 

Amendments to the specificationi 
Amendments to the specification, including the abstract, must be made by presenting a replacement paragraph or 
section or abstract marked up to show changes made relative to the immediate prior version. An accompanying clean 
version is not required and should not be presented. Newly added paragraphs or sections, includmg a new abstract 
(instead of a replacement abstract), must not be underlined. A replacement or new abstract must be submitted on a 
separate sheet, 37 CFR 1.72. If a substittite specification is being submitted to incorporate extensive amendments, 
both a clean version (which will be entered) and a marked up version must be submitted as per 37 CFR 1.125. 

The changes in any replacement paragraph or section, or substitute specification must be shown by underlining (for 
added matter) or strikethrough (for deleted matter) with 2 exceptions: (1) for ddetion of five characters or fewer, 
dnuhle brackets mm, used fe.9.. [ I^mnrllh and (2) if strikethrough cannot be easUy perceived feg.. dekUon of 
the number "4" or certain punctuation marks i- double brackets must be used fag.. /W/>. As an alternative to 
using double brackets, however, portions o f text mav be included before and after text bang deleted, all m 
,trikethrou9h. foflnwed hv includinP and underlini ng the extra text with the desired chgnge (e.g.. mmbet^ 
number 14 as) 

O Amendments to drawing figures; ^ j • j u a ,k:^k 

Drawing changes must be made by presenting replacement figures which incorporate the desired changes and which 
comply with 37 CFR 1.84. An explanation of the changes made must be presented either in the drawing amendments, 
or remarks, section of the amendment, nndmav be accomnanied bv a marked-up copy of one or more of the figures 
heine amended, with annotations. Any replacement drawing sheet must be identified in the top margm as 
"Replacement Sheet" and include all of the figures appearing on the immediate prior version of the^n^^^e^" 
though only one figure may be amended. Any marked-up (annotated} copy showing changes must beaded 
"Annotated Sheet S t-^u.!.. Chan.e.s" and accompany the replace'ne.nt sheet as an ^['(r"^^ 'j ifT 
The figure or figure number of the amended drawing(s) must not be labeled as "amended If the changes to the 
drawing figure(s) are not accepted by the examiner, applicant will be notified of any required corrective action in the 
next Office action. No further drawing submission will be required, unless applicant is notified. 

Questions regarding the submission of amendments pursuant to the revised practice set forth in t^is ^er should be 
directed to: IlizabeUi Dougherty or Gena Jones, Legal Advisors, or Joe Narcavage Senior ^P^'^ f^Jf ^ 
Office of Patent Legal Administration, by e-mail to patent. practice(S),uspto.sov or by phone at (703) 305-1615. 
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The United States Patent and Trademark Office 
has changed certain mailing addresses! 



Use the address provided in this flyer after May 1, 2003 for any correspondence with the 
United States Patent and Trademark Office (USPTO) in patent-related matters to 
organizations reporting to the Commissioner for Patents. 

DO NOT USE the Washington DC 20231 and P.O. Box 2327 Arlington, VA 22202 addresses 
after May 1, 2003 for any conrespondence with the USPTO even if these old addresses are 
indicated in the accompanying Office action or Notice or in any other action, notice, material, 
form, instruction or of/>er information. 

Correspondence in patent-related matters to organizations reporting to the Commissioner 
for Patents must now be addressed to: 



Special Mail Stop designations to replace Special Box designations 

Also effective May 1 , 2003, the USPTO is changing the special Box designations for 
Patents and Trademarks to corresponding Mail Stop designations (e.g., "Box 4" will now be 
"Mail Stop 4"). 

For further information, see Correspondence with the United States Patent and Trademark 
Office, 68 Fed, Reg. 14332 (March 25, 2003). A copy of the Federal Register notice is available 
on the USPTO's web site at http://www.uspto.gov/web/menu/current html#register 

A listing of specific USPTO mailing addresses (See Patents - specific) will be available 
on the USPTO's web site on April 15, 2003 at http.//www.uspto.qov/main/contacts.htm 

Persons filing correspondence with the Office should check the rules of practice, the Official 
Gazette , or the Office's Intemet Web site (www.uspto.gov) to detenmine the appropriate address 
and Mail Stop Designation (if applicable) for all correspondence being delivered to the USPTO 
via the United States Postal Service (USPS). 
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ABSTRACT 



The invention provides a ncvd lascr-plasma-based source of 
rclativistic doctroos; and a mcdiod to use laser-driven 
plasma waves as the basis for the source of electrons. The 
technique invdvcs a comhinatioD of laser beams, which are 
focused in a plasma. One beam creates a wakefidd plasma 
wave. In one embodiment the one beam oeaies a wakefidd 
plasma wave and the other beam alters the tnyectory of 
background dectrons, such that dtey become tr^iped in die 
plasma wave and are then accdcrated to rclativistic 
velocities, pr e ferably in a distance less dian a millimeter. In 
another ciidx)dimeiit. the scoood beam removes dectrons 
frc»n atomic ions prcviottsly generMed by the first beam 
thereby providing dectrons which become trapped in the 
plasma wove and then accelerated to rdativistic velocities. 
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METHOD AND APPARATUS FOR background dectnMis. such tikat they become trapped iD the 

GENERATING AND ACCELERATING plasma wave and are then accelerated to rdativistic 

UITRASHORT ELECTRON PULSES velocities, preferably in a distance less than a maiimcter In 

another cmbodimcm, the second beam removes electrons 

GOVERNEMENTS RIGHT CLAUSE 5 ftom atomic ions pfrviously generated by (he first beam 

thereby providing electrons which becooie Crapped in the 

This Invention was made with govcnmieat support pro- plasma wave and then accelerated to relativistic velocities in 

vidcd by die National Science Foundatioa. The govcrament the afocesaid short distance. Fdr simplicity, the first beam is 

has certain ri^As in the iovcntioD. refcned to as the pump pulse and the second beam is 

refcxred to as the iiue^ion pulse. In one aspect <rf the 

FIELD OFTHE INVENTION >o invention, accekiation of dcdro^ is made possible by 

This invention relates to a mettiod and vppMnOK for itffrfiasing the electrons with respect to the i^asma wave by 

acccJcrattngpttfticksin aplasmaaadtnocepaiticulaily toa using poDderoiiK)Cive force. In aiicdicr aq>ect the dephased 

method and appsr^us of accelerating electroas to relativistic electrons are also crcaled esscatialty instan t aneously at a 

velocities 15 given point in tlie plasma wave by the iojcctioo pulse which 

renkovcs electrons from atomic species in the plasma at a 

BACKGROUND W THE INVENTION higher ionizatioo stage than that cf the dectroos previously 

Since 1927, whenRutbctfadfiistpfoposcdthcybe built, rcmc^ by ionka^ 

linear acceknt«s(linacs) have used eitfa^dc high-voltage pl«ip.wave.ComhuBati«sc#va^ 

« mdio-frtquency electric fields in vacuum to directly ao varying mtensiUes, pulse time durndon (P^*<W^- 

acceloaiedectronsfromresttoMeVenagies. ^ 

dcohased electrons for acceleration. 

d>an^»«cs of Ite 1«« puM*). to the '^^^^^'^^J^'^^^^^^J^^ two 

tdmorai characteristics of the plasma wave. For in«»«nr<» 25 , . r^5^~* ~~rV "TT^ , 

irn^nT; injection pulses arc used ^dtich arc dehvcred ma beam ma 

the laser wakd&cld accderitor (LWR\) (TO. 1) wes a j^^^*^^™^ to the 0Uim> pulse beam. The two 

siKfe pulse with a polscwtdlh T-2jt/cHL where OL is the ^uwgwu lu mc pmup i«»c unuo^^^ 

^I^qucacy, ^plasma bcaJ^ave a<Slerator ^^^^^^^^ ^-^^^^ 

5bW^) (FKJ. 2) uses a pulses of equal pubis ^ stiUanother <^'A^o±i^ fte pump^ « 

'Au. A tK, . I , '>^tJ^nL .^Vl™«^illl^ vt followed by an injection pulse wfaidi is coUmear with the 

widths and equally spaced z-Znno^ The sdf-modulated » «„icl ;«^rtTk5oIZIri«*^c;tv 

LWFA(SNI-LWFA) and stimulated i&manfofwardsa^ pump pubc is at a higbcx 

ing (SRFS). which are dosely related, both use m single Im stiU another crnbodiM first and se^ 

pSscwidlh T»2Htau arc used along with an miectionpulsc. The seoo«l pump 

^ ^ . . pulse is generated at an interval d 3/2 i^asnu wsvelengttis 

A i^asma wave is an attractive aocekntion medmm nm) the first ponm pubc, to provide an accderit^ 

because electrons can be accelerated to an energy of 3 GeV " l-^ ^ . - ^m.. ^ 

. /v« ««w «f m^Xrc n^M^ rcgw» <« a smglc plasma wavelength and tttus provide a 

over a distance on the onkr <rf several mctas. Besides accderMcd election buDdt 

jppiications in high-encny physics, the accelerated dec- ^ . , ^ , ^ 

SST^I^beTd^otoSstoLa^sto^ IB rtfll «B0lbg gnbodmort. die pomp pube cy«« Jhc 

. „ • „ , ^ .rfZT»r\»«.*-nfc«- ,^0*^^73—, 40 ndul duDCDSioa (y axis); and the injaHoa pulac is focused 



Ihey arc passed through undnlator magnets as in conven- 
tional synchrotrctt light sources ai frec-dectron lasers, or 



beam spot size having a dimension along the y axis ^i^Kich 



when they collide (Cwnplon scatter) with a laser pulse. size along the z axis. MaMy. the 

wucH tucjr MWM. vvAHi^mm wuu a i»« puu<^ inicction fjulsc is focuscd oBto tfac nlasma wave by focusine 

Ether the electrons themselves, or the high-energy photons ""J******" » looiscw uuu i«: w«irc«^iv^v»ui|s 

tK-^ ^« t.^^ .Jtl.^.. : Jhl^..i 45 means which provides a beam spot size, which m one 

mto which they can be converted, have numerous mdustnaL »,jJ*l-*;«n« ™p-™v.wir#^ #k* «f 

medical and scieirtific applications, including: lithography, ^"T^" substattefly concgonds to the radial «^ 

miaosoopy.,^«roscori^^S^^ 

^ , invention locally disturbs the plasma wave aad generates a 
ConveDtonalbnacs produce an eneipsprado^ ^ group of dcctrow that «c dephascd with respect to the 
cnted electrons that is too great to be useful for most pUsma wave and thereby come under the influence <rf the 
qjplications which require smaU clcctron-bcam-cncigy ckxtric field oflheplasina wave permitting such electrons to 
q«ead.CoDveittK>nalhnacs are not aUe to produce a high- be accelerated. As a result, ttie invention provides both the 
flux, small cmmance, uttrashQit-<hiratK)o electron beam. source of accelerated electrons as wdl as the means for their 
Accordingly, what is needed is a i>cw method and appa- 55 acoekratioitt. This avoids cumbersome conventional appa- 
ratus to produce a high^ux. small-eimttance. oltrashofft ratus arid inethods which reqiiire separate expensive systenBS 
dectrofi beam. for generating electrons, Le.. electron guns, and for accel- 

SUMMAIW OF-niE INVENTION Tt^^ tlS^*^*^ ^ . 

In still another embodiment two pump pulses are used. A 

The invcDtioD provides a novd lascr-pUsina-based source 60 first pump pulse generates the plasma and the second piui^) 

of rdativistic electrons; and a method to use laser-driven pulse creates the plasma wave. The first pump pulse ionizes 

plasma waves as the basis for the source of electrons. The the plasma to high ionizMton stage and the second pump 

technique involves a comfoinatioa of laser beams, which are pulse, delayed by greater than several ion periods ocatcs a 

focused in a plasma. One beam creates a wakefidd plasma plasma wave alter the plasma wave from the first pump 

wave. 65 pulse has damped away, but not after plasma recombination* 

In one embodiment the one beam creates a wakefield A third pulse wtiich is the injection pulse ionizes the plasma 
plasma wave and the other beam alters the trajectory of one stage fivtiier and injects dectrons with high vdodty. 
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The nmimum readual vdocity of the electrons depends on Electroos are accelerated to relativistic vdocttics in a dis- 

the intensity at whidi such dcctroos were created by ioo- tance less than a nuUimetcr. as con^Mred with several meters 

izatioQ. Id this embodiiiicDt desirably the pump pulse attd for a comparable coovcotioaal linac This results in lower 

the injection pulse have differing polarizations. In this beam emittance and a mofc compact size. It also produces 

embodiinent. the injectioa pulse is preferably circularly s nujcbshovter-duration electron pulses (fentfosecood as com- 

polaiized and the other pulses, pump pulses, are liocarly ^ picosccood). For jw1k:^^k>ds that rcquwe an 

polarized. Other combinations besides ilnear and circular electron bunch syndronized with a laser-light pulse, fem- 

polaiization are also possible, namely. ellq>tical polaiization tosecond accuracy may be achieved with the in veatioa. TWo 

variation. This appfoach decouples the plasma wave geiH orthogonally directed laser beams « injected into a plasma: 

cration fr<Hii the ionization, thus avoiding a change in ^^^^ ^ wakcfidd plasma wave, and die other 

piasma density <hiring die second puiq> pulse. ^ trajectory of background dcctroos in such a way 

In the method <tf the inventioa.ifit is desired to accelerate that they become tr^iped in tfte plasma wave and arc then 

electroos fay dianging trajectory via ponderomotivc force accelerated to relativistic vdodties in a distance less tfno a 

only, it is prcfciable to use hy<kogen. which has one dec^ mDUmcler. As the techni^ie involves the injection of dec- 

tron. If it is desired to generate a groiqxtfdephascddectrons troos by a User beam, it is referred to as the Laser-Injected 

fay removing dectraos from atomic ions in the plasma, then ACcderatcr (ULAQ. Ccn^Mtcd with a coovcntiowri 

it is preferable to use a higher order atom, such as. for election linac. the ULAC has a much higher field ^^imt, 

example argon. w^itting in Itwer hr^m mittaiirr Since it al«o can produce 

It should be acted thit the disturbance nccessasy to nuich sbocter-duration dection pulses, it can be used for the 

generate ttie dc|^iased declroBS does iMt totally destroy the 20 study (rf ultrafast <fyoamics on femtosecond timescales. The 

plasma wave. The distorlttDoe is localized in the dffcctioncf invention also enables femtosecond-synchronization 

the pump pulse. In the case of a transverse injection beam. |>etwecii the dectron bunch and fbc plasma wave accelera- 

it propagates in a direction wfaicfa does not disturb the rest of tion fickU whicb is reqyired to achieve a low-eaergy spread 

the {rfasma wave momentadly since tiie disturbaace by f or tiie accelerated electrons. A high-flux low-emiltaikce - 

ponderomotive force propagates in the direcdooc^ the pump » beam <^20-MeVelectiotts can be produced with a cucreoHy- 

pulse M a much slower speed con^Noed to the phase vdocity available table-top higl^inteinity laser (1^1x10^' W/cm^)^ 

oi the plasma wave. If a wake is created fey the transverse jbe ^mdpic iq»on which tiie ULAC is based can be used 

injection beam moving along a y axis perpeadicular to a z to study the growth of. and the tnqjping of electroos in. laser 

axis, it does not pcop^ate in die dnectioa of the pump pulse wakefield plasma wsves. 

(along z axis) at nearly the same vdodty as dto the wake » Advantageously, the inveation (ULAC) provides an 

of the pump pulse or ftetr^iped electrons. ltaefQfe,v^ iiiBwcd method and mparalus to accdwtedeclrons. It i^ 

theiiyectionpulseaiiivesitpu!teclectn)nsradially(mthe ctt>*hle<tfaccdciatii«electioos from rest to energies r^^ 

zdirectiooinlheptaocoftteyaxis)soastodeph^^ ing anywhere from an Me V to gtcatex than a GeV (with 

normal orbits. This disturfoaace does propagate m tbe z guiding). Tht inveatioa (ULAQ can produce a 

direction whidi is the direction of the puinppiise.How^ 33 high-flux, small-emittance, ultrashort-duratioa 

the vdod^ at whiA the wave ismovmg is mudi higha (jufaptcosecoad) dectron beam. appUcations requiring a 

lhanthevclocityalwhichthedisturbancenioves.Asarcsult ultrashort bundi of electroos, sudi as uhrafast 

it is possible to deph^ a group of clortroos^aockxate dynamical studies . a single budxt can be eeaexated. This 

them, and aducve a final oocderated buadi of dectroos dt«troo gun could serve sev«al purposes: (1) as a 

whidk are essentially mowvcoeigetic where all <tf the 40 stand-alone accdcntor system. (2) as a low emittaace 

dectroBshaveesscntialtytesa^ i^j^ 1^ coovcntiooal accelerates, or (3) as a 

the same energy, for example, plus or minus 10 percent The means to study the physics laser- wakehdd plasma waves, 

pulse width of the acc^rated electrons is ultrashort and Accordingly, femtosectmd syndironizatioo between the 

appioadies the pulsewidtfi of the lasex that geoerated them ^^^^ ^ single^)lasma-wavc.accdcration 

and may even be shorter. 45 ij^^^^ possible for the first time by the invaitioa. 

^^^"^ ^« '^'''^ "^^^fi^ AdvaMageously. the inveotioo ,rovides. high flux, smaU 

^"^^^^J^^f^^T^^^^!^^ emittaJcT^ energy sp«ad) and ultrashort duration 

as dcsoifaed bctem. In the method of the uiventioa. the (suboicosccond) dectr^ boon, 

pump pulse and the iajectioa pulse may be obtained from the "^^7^^^. . . - ^ 

^^beam by splitting a single User pulse into two 50 ^^^^f'*^!*" i 

sub^wlses, one <rf which is used as die injection pulse and a inethod and ^iporatus for producmg dcctroos 

the oAcr <tf whidi is used as the pump pulse. The beam- accdcrated to relativistic vdoaties. 

splitting may occur before or after rec(Mi^vessi(»iBdte laser Another object is to provide a mdhod and apparatus for 

system. H such beamq^ittiBg occivs after recompressioa. crcatii^ dqihased electrons, dephased with respect to a 

then the punp and injectioD pulses are synchronized with 55 P^*^ acceleration of said electrons via plasma 

respect to ODcanotiicr. Sudi synchronization is very difficult wave dectric field. 

to achieve by conventional systems which require indepen- Anotherobject is to provide a combination of laser pulses 

dent devices, one being an election generator and the other having a combination of characteristics and direction with 

being the laser to produce a plasma wave. The invention may respect to one another where one beam creates a wakefield 

also be used with the bcamsplitlcr prior to recompression, in 60 plasma wave and the other beam alters the trajectory of 

order to achieve pun^ pulse and injection pulse of different background electrons for trapping by the plasma wave and 

pulse time durations. accderadoo to rdativistic velocities. 

The invention advantageously utilizes laser-driven Still another object is to provide a combtnation <^ laser 
plasma waves as the fiist-stage low-energy electron gun^ beams which form a plasma, foim a plasma wave in the 

linac itself. As such, it forms the basis for a compact 65 plasma, and inject dectroos for acoeleratioo to relativistic 

(table-top) source of relativistic dectrons. that can either be velocities, without the need for a separate conventiooal 

used by itself or as an injector for high-energy accderators. electron source. 
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Still another object is to pvx>vide femtosecond duration FIG. 16 is a plot showing the cDcrgy spectrum of the 

dectroD pulses produced by a con^binatioo of laser beams. electrons at the end of the simulation. There are two groiq>s 

Still another object is to provide elections accelerated to represented. The first is the back^ound ctectrons with 

iclatiWstk velocities in a distance less than a meter, and in enagics<rfOto 1 MeV and ihe second groiq) is centered at 

as Utdc as a millimeler or less. * 5 McV and arc ti>e elections in the beam. 

These and other ot^ ccts. features, and advantages of the rCTAILED MSCRIFnON OF THE 
invention will become apparent from the foUowmg dcscnp- PREFERRED EMBODIMENTS 
tion of the preftened embodiments, claims, and accompany- 
ing drawings. Before describing the invention in dctaiL it is useful to 

understand the problems associated with present accelera- 

BRIEFWSCRinri(^WTimnL\WINGS tionmcfliods. 

FKj. 1 is a schematic of a laser wakefield accckrator Current laser-driven plasma waves have been used, or 
(LWFA) showing die ponderomotive force from a laser proposed to be used, exclusively for second-st^ high- 
pulse generating a ptasnaa wave wake in a plasma, energy electrooaccekratioD of a traiUngbundK^ elections. 

FiG. 2 is a schematic phase qpnce diagram showing bulk in diis case, prior to injection into the plasma wave, the 

dectroQs. tail efednms. and prc-acoelcrated ions where trailing bunch of electrons must first be generated and 

rqyescnts the phase mommtum <rf the plasma wave excited p^-accelcTated (imc^^S MeV) by means of a conventional 

by laser and is the ion beam momrntum. ion dump electron gunAuxrelerator. such as a medical linnc (radio- 

sqnntion is designated as c/o^r ^^4"^°^) ^ ^ ^ Graaff generator (dc>. 

FIG. 3 shows a schematic of the laser injected laser Current techniques for generating large amplitude plasma 

accekrator concept of the invcntioB. waves differ from each other essentially only in the temporal 

FKjS. 4 and 17 ve schema rfijigraim* of the iKcr characteristics of the driving laser pulse(s>, relative to the 

injected laser accelerator (ULAQ cxperiuKntal systems of tenqxval characteristics of the plasma wave. For instance, 

the invention. 25 ^ wakcfield accelerator (LWFA) (PIG, 1) uses a 

FIG. 5 is a sdiematic representation <rf a cfaiiped pulse «ng*c pulse with a pulscwidth T-wtov where tui^ is the 

annlification (CPA) arrangement frequency. The f^asma heatwave accelerator 

no. 4 is a sditmadc showing the phase relationships ^^^^ ^ ""t^JL!?^^.^ 

^^i^-tv widths and equally spaced x-it/coL. The self-modula t ed 

^^^tS^^^T 30 LWFA(SM.LWA)aS^«ib^^ 

ph^wavcfid^elcctric^^ ing (SRFSX whic* are dosdy related, both use a single 

FK5. 7 IS a schematic showmg the acnon erf ponderomo- ^ wiihT»2n/aiL, 

tive foree of the injection beam causing the debasing ^ ^dmiques for accelerating eto^ 

election velocity, curve B, con^Mred to undephased au m msc cwicw iCTPPigucs M^t m^^mu^ TTTnuZ 

vdocitv curve a1 With a plasma wave involve the acceleration of a trailing 

^Di^'«- ^ ^ 35 bunch of properly-phased electrons. Tlie injection threshold 

op«lionofthcLI^ waveTdScnds 00 both the plasma-^^ 

FIGS, ^ and », are schematic rcpreseaftations sbowmg vclodty, obtained by setting the plasma wave poten- 

motion <rf an imdcphascd electron (fa); and motion of a ^equ^ ^ ^ election's kinetic energy (in the wave 

dqjhaseddcctron (96) in die plasma wave frame of refer- ^ toajcXIn«dcrtobetr««lby.andlhusgaineaeigyfr«n. 

a plasma wave, the electrons most already have signifirant 

FKj. !• is a schematic showing phase delay & kinetic energy. The lower the pUsma wave anyiitmlr. and 

FIG. 11 is a plot showing election final drift velocity ^ higgler die value <^ the higher Ibe kinetic energy 

along the direction peqiendicuUr to Ihe propagation of Ifae required, where %,r<l-v^Vc^^. and is the pUsma-wave 

injection poise as a function <^ the injccti<» anyli n wlt ^ velocity. Background plasma wave electrcms, which 

FIG. 12 is a plot of the trapfung formula shown as oscillMe in-phase with each other, will not tie accelerated 

Equation 433 in TMc I where trapping is rimnlatrrt for until the |dasma w ave reaches the wavebreaking amplitude, 

waves of vsious amplitude. E,„y=Eo^^j;V^ E,f<n^eCoye^96n,*Icm-^IV/ 

FIG. 13 is a plot where die solid Une represents the carve cm. Even if the plasma wave breaks, the escigy spread of 

ttiat is obtained from ootqiling the tripping and drift velocity 50 any electrons that are aoceknted in this way will be too 

formulas directly; the dotted line is the nunaericalsc^ution of Urge to be usefrd for most applkations.^ch require small 

the model; and the rectangular points are obtained from the eleciron-beam-eneigy spread. 

simulation of wakefield amplitude versus injection thresh- for this reason, conventional low-energy electron Unacs 

old. (such as those that use nncrowavc cavities) are used to first 

FKj. 14 is a plot of the simulation showing the wave 35 accelerate a trailing bunch of electrons from rest up to the 

propagating through the frfasma in the frame d the moving required injection energies, l^pically, ttiese have low-field 

wave. The four points plotted are: laser intensity is given as gradients (6.5 MeV/m), and. for a short-pulse synchromzed 

small dots; dedric field of the wake is given as a solid line; electron bunch, have a laser-triggered photocadiode for the 

dectric potential is given as a dashed line; and individual electron source. Cotq>ling the dectron bimcfa generated by 

particle velocities are given as large black dots. The first 60 this linac to a laser-plasma accderator is quite dtfificult and 

three quantities are noted on the legend of the plot The complicated, requiring predse temporal and ^latial overly 

velocities are plotted as individual poims on the ploL with miGron accuracy. Even with state-of-the-art dectrons 

FKj. 15 is a plot of tinK nonnalized hkhum^ of the guns, the pulscwidth of the dectron bunch is considerably 

particles. -y^ The solid line represents the trapping conditioo longer (T^5 ps) than a plasma wave period (T^ 1 ps). For 

d[ Equation 433. any particle with a nym^ntiim above this 63 this reason, multq>le accder^ion Ixickcts are filled uni- 

lineis tr^)ped. At 37 fs(feimoseconds) particles can be seen fonnly in-pbase space, resulting in a Urge-energy spread of 

wdl above the trapping condition. the accdcratcd dectrons and several bundles. More than a 
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single buoch per pulse would make uhrafast studies difiScuh. 
Also, io a conventional dectroa gun/hig^-cncxgy accderator 
system, the largest electroiFemittaDce growth occiffs due to 
dispersion over the long-acoekntioo lengths of the low- 
eoergy first-stage cooveotjooai election Uoac. 5 

The invention provides a new ntethod and j^)panau$ for 
obtaining icJativistic electrons. This system is unlike other 
plasma-based accelerators, which are exclusively second 
stage electronic accelerators rcqulmig a trailing bunch o€ 
dectroos that have been gOKxated and pre-accdcxated in a 
conventional combination electron gum and linear accelera- 
tor. The invention provides a mediod and sppantois to use 
User driven plasma wave in place of the less effective 
conventional election gun/linear accdcratoc The method 
involves a combination of laser pulses focused in a plasma 
in a particula' manner, as shown in FIG. X 

In the description of die in veation. the following tcnns are 
used: (1) ioa period is die tins it takes for ioos to have a 
siaglft cyde in plasma oscillation; (2) lecomhination is the 
icvcrse process <^ ionization of ncotial atoms; (3) damped ^ 
away refers to die plasma wave amplitude, either can 
increase or dcocase fay the wave paitidc interaction called 
Landau damping; (4) residual velocity refers to the situation 
^diei laser intensity readies Above Threshold lonizaticm 
(An) intensity, plasma dectrons are bom from neutral ^ 
atoms with cestain vdodty. this is called residual vdodty; 
(5) tr^iped refos to the situation if the kinetic energy of a 
pnticle is less d&an die potential energy of the wave in the 
reference frame of die wave, then the partide Is said to be 
trapped in the wave; and (6) drift vetodty is analogous to ^ 
residual velocity and nSm to vdocity imparted by pon- 
doomotive force. 

The InventicHi provides a novd laser-fdasma-based sotvoe 
d rdativistic dectrons; and a method lo use lascr-diiven 
plasma waves as the basis for the source oi electrons. Jbc 
technique invdves a oombinatioD of laser beams, which are 
focused in a plasma. Ooc beam creates a wakefield plasma 
wave. In one embodiment anodier beam (injection pulse) 
alters the trajectory <tfbackgioimd dectrons. such that they ^ 
become ti^iped in the plasma wave and are then accelerated 
to lelativistic vdocilies in a distance prefenfaly less than a 
millimelci: 

The wakefidd plasma wave of ttie invention is driven by 
apumpbeam-InooecmlmduDentapumpbeamcf asingfe 43 
pulse is used as the laser wakefidd accek i a t or. The pump 
beam and the wakefidd plasma wave are co-propag^ng 
The other beam (the injection beam) is used to trap dectrons 
in the plasma wave wakefidd. A variaUy-ddayed injection 
pulse, propagating in die direction petpendicttlar to the 50 
propagation direction of a wakefidd |dasma wave, is 
farou^ to a focus on die plasma wave, preferably at an 
optimum point in space and time. It diai^es the trajectories 
of badcgpound elections (oscillating in die plasma wave) 
such that they become trapped and accelerated by the {dasma 55 
wave. In this endxNlimeDt. ft is the ponderomotive force due 
to the transverse field gndient of the injection pulse that 
gives rise to the change in-phase and trapping of background 
dectrons. 

The injection pulse also has a k>ngitudindponden>aiotive «o 
force, wfaidi can have ddderious ^ects: it can either (1) 
accelerate electrons in a direction orthogonal to that of the 
puna's wakefidd or (2) create its own wake. In order to 
mitigate diesc effects, two counterpropagati^ injection 
beams are used to create longitudinal ponderomotive forces 65 
that caned each other at die intersection point (a standing 
wave). This alternative may be preferred for some 
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applications, kxit is not thought strictly necessary. The rea- 
sons are as follows. In the case of (1). even if dectrons are 
given an initial kick in the direction oftbogonal to the 
puii^^s wake, it will be quite small compared with the 
acceleration they fed once tnqpped by the wakefidd. Since 
they all get the same kick, once they are accelerated to their 
final energy, they will all leave wfth the same small angle 
relative to ttie directton of the pump beam. So long as the 
electrotis do not move in the transverse direction a distance 
more than a plasma wave radius* this initial kick should not 
be a proMenL since it is only angidar spread that increases 
electron-beam rmtttanrt In die case of (2). even if a 
disturinnce is created in the direction of the pmnp pulse by 
the transverse beam, it does not propagate in the direction of 
the pump at nearly the same vdodty as ddier die wake of 
the piinq> or the trqiped electioiis. llMis. shoftty after bciiig 
injected, the tapped ekctnms wiU find diemsdves in an 
undi5turt)ed region of die wave created fay die pump, ff 
neoessaiy. die disttvbanoe can be eliminated aHogcdier if die 
transverse beam's pulse duration is adjusted so diat it is 
wakdess, Ijc^ out of resonaiioe with die plasma. 

In another embodiment the invcation provides indepen- 
dent adjustment of the pulse duration of the injection pubc. 
Under certain drcumstances, this could result in the injec- 
tion (tf pulses into severd buckets, for example, if it is loager 
than apUsma wave period, or the width of the plasma wave 
is greater than a plasma wavelength. Thus, if acceleration of 
just a single btmch of electrons is desired, only a single 
accderation bucket must be oeated. This is accomplished 
by use of two pump pulses. The first pulse can be used to 
drive up the plasma wave, and the second, by andving cme 
and a half plasma periods later, can be used to drive it bat± 
down. Conversely, if It is desinMe to fill several buckets, 
then diis may be acoomplisbed by use of either a long 
injection pidse or a train of injecticm pulses. 

The method <tf aocelendiiig dectrons diat are out of phase 
widi a plasma wave is quite geocraL There are attemative 
einbodiments, besides the use <^ the ponderomotive force of 
an injection pulse. For the injection pulse is used to 

create the out-<rf^pluse(dephased) dectrons fay mutt^ihotoii, 

ortiina^Kng |ilMi#ft-inaiwtinti In itiiK caSC, a gaS Comprising 

an ^cMn with several dectrons is used. The pump pulse at its 
peak intensity ionizes the gas to a given ionization stage, 
then the injection pulse ionizes the gas further to a higher 
iomzatioo stage, creating dectrons that are out of phase with 
die plasma wave. These dectrcms are dicn acccknted in a 
nunncr similar to that discussed above. 

If die ionization occurs at sufiBdendy high intensity, die 
dectrons can be bom (created) with a hif^ enough residual 
vdodty lo become trqiped in die plasma wakefidd. In the 
case of diculady polarized light the residual (drift) vdodty 
is equal to the quiver velocity and is in a (firedion peq>cn- 
dictilar to the dilection of the laser electric field at die time 
when it was bom. In die case of lineaity polarized Ugbt die 
residual energy is significantly less, equal to a firaction crfthe 
ponderomotive potential energy, and the drift vdodty is 
along the direction <^ the laser dectric field. Since the 
electric fidd vector rotates in the case <tfcirculaily penalized 
Ught, only a small fi-action of the dectrons created by 
ionization woidd be in the right direction to be injected, and 
the angular spread of the injected dectrons would be tug^icr, 
in comparison with the case <^ linear polarization. 

A given ionization stage has a threshdd dut h propor- 
tional to bodi die laser intensity and die laser wavelcngdi — 
the shorter the wavdeng^ the lower the intensity required 
for ionization. AccOTdingty. if the injection pulse is shorter 
wavdengdi than die pun^. it can reach the required higher 
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iooizaUoD Stage with an intensity that is the same as, or even rally and spatially overlap two laser beams than a laser beam 
lower than. thM(tf the punip. The use of circularly polarized and an electron beam. Femtosecond synchronization 
lig^fortheinjectioapulseinacasestheFesidual velocity of between tlie election bunch and a single-plasma-wave- 
die ionized elections for a given laser intensity, as compared accckntioa bucket is now nude possible with diis tecfa- 
with a linearty polarized pulse. Thus, die use of eidier sboft 5 nlque. In another embodiment, the invention is used to ^udy 
wsvelengtti or dicularly polarized light reduces the ddcte- physics of electron acceleration fay wakefield plasma 

rious effects the pondcrorootive forced the injection pulse ^^yes. In dds embodiment, the delay between pun^ md 
on the plasma wakcfield. injection pulses is varied and dien the trqiped electron 

lo one embodiment the injection pulse is orthogonal to energy gain is monitored to obtain detailed information on 
the pump pulse. In aiKitber embodiment the injection pulse iq |x)(h the plnsana wave ^tiyiitiirif (as a function of space or 
is collinear with the pump pulse, considerably simplifyittg time) and the conditions required for trappings In still 
the alignment of the two pulses. In this regard, the laser another embodiment a second injection laser pulse coun- 
pulses are generated by a resonant laser-plasma acceioator texprofMigating to the pump pulse is used to Coaq>ton scatter 
(RLR\). The RLPA uses a scries of pulses with increasing from the accelerated electron beam in order to oeate hig^ 
spacing between them and decreasing pulscwidths to com- energy (4^ hv> photons. Hiis forms the basis fcr a compact 
pensate for die change in fesoaance as the plasma wacve source cf ultrashort 10-KeV x-rays. 
ffcms and changes. In the coUincar case, not only does System Description 

die second pulse acale dcphased dcctrons. it is used to An cxaiqpk of m e^qxzimental set-up for the laser- 
enhance the wake of the pump pulse. Qrcidatly polarized injector laser accelerator of the invendon is shown in FIG. 
pulses are preferably used in oider to create the electrons jq 4, xbe major components of the system are laser apparatus 
widi a his^ initial fxwaid vdoaxy and thus increase die (2M>. vacuum target chamber (21«). and electron spectrom- 
nunber of trqiped dectroos. In the a^Hnear case, die eter (22$). Laser system (2M) is preferably a chirped pulse 
second pump pulse adiieves two objectives. It creates amp^ficationsystenL CPA system (2tt). The basic configu- 
dephased electrons and also enhances the wake of the first ration of a CPA system used In the invention win be 
pump pulse. Gfculariy polarized pulses are preficraUy teed 2s described mare paiticnlarly below. The beam of laser li^ 
in order to create the dectroos widi a high enougli initial (25») generated firomCPAlascr<2M) is split by beamsplitter 
forward vdodty to be tnqiped. However, in order to produce Quiver (2M) into a first pulse (27t) wfaidi is also icfened to 
high axial electiic fidds, short focal lengths are reqmred, as a pump pulse and a second pulse (275) which is referred 
which, widiout some method for duinneling die beams, to as an injection pulse. Pionp pulse (27t) is directed by 
would reduce die aocekraCion lengdL 30 miircr (2M) timn^ focusing lens (2M>, preferably, a 

The basic system used for die laser-plasma intencttoiL circular Icos. Next pump pulse (27t) is dtrected to a delay 
preferably includes a plasma region that is located at the line (3M) which is ctKDposed of a number ot reflective 
center of a vacuum chaonbec. A vacuum is necessary in order surfaces (315) and then dhected onto target (31#). Target 
toavoiddegradationof the hi^i4iAeiisity laser beam due to (3l#)isanymateriaL Preferably it is a gas, supplied as a jet 
self-phase modulation. The dectrons are coupled out <tf die 35 of gas. As shown in FIG. 4, injection pulse (275) is directed 
vacuum throu^ a diin-film-metal window. Hie {dasma is by mtorors (315) omo parabolic lens (32t). Lens (320) is 
crcatedddierbylaserphoto-iQDizationof agasorby oOicr prticrahty a cylindrical lens. Other lenses, such as sphcricaL 
nrans. The pump and injection beams are p r ef er a b l y gen- may also be used. In the case of a cylindrical lens, the pump 
crated by die same dmped-pulse-amplificaiiott laser by use pulse (27t) causes die jdasma wave which has an aodal 
of a beamsplitter, which is |te:ed etdur before or after the 40 exteat (z dtmension) and a radial exteot (y dimcnaon) and 
find laser conqvessoc. In the former case, the pulsewidths of the injection pohe is focused onto the plasma wave by 
the injection benn and ptmip beam could be made to be focusing means which provides a beam spot size having a 
different fitom each other by using di ffer en t c on yre ssi on dimension akmg the y axis which is ^eater than the size 
ratios. ftcferaUy, a cylindrical lens is used in the path <rf the ak>ng the z axis. FtdcnEbly, the injecticm pulse is focused 
injector pulse to tightly focus the injection beam in one 45 onto the plasma wave by focusing means which provides a 
dimension (dongz axis) and loQsdy along the perpendicular beam spot size, whicfa in one dimensicm substaitfially cor- 
to die plane of incidence formed by die two beams (x>. The responds to die radid extent of die plasma wave, and in 
injection beam's <fimmskm along dds later (x) direction another dimension oorresponds to about one plasma wave 
oouklbe made to match that of die pump beam spoldze. The wavdengtti (K), Injectiott pulse (275) is dien disposed into 
injection beam's intensity padient wouU thus be large so beam dump (^5). It is desirable to have pump pulse (270) 
dong z but not X. which minimizes the emittaiice of the arrive at target (31t) first Injection pulse (275) may arrive 
accelerated dectron beam. The pump beam is pre fe raMy at target (31t) during the time of pump pulse (27i). 
loosdy focused with a circuUr leas such that the plasma Preferably, the two pulses (270). (275) are <^set widi respect 
wave is as one dimensiond (1-D) as possible. Information to one anodier. the pump pulse (270) being ahead oi the 
on die accelerated electron energy spectrum is preferably 53 injection pulse (275). In short die injection pulse (275) is 
monitored widi a magnetic q;>ectrcHneter and fed back to the delayedwithicspect to the pump pulse (270). If desired, die 
laser-dday system in order to optimize the dectron beam wavdength of the injection and/or pump pulse may be 
parameters. altered by passing through a frequency doubling or tripling 

Electtons accelerated by die method of die invention. crystd (26, 36) or by opticd parametric an^dificadon. The 
adiieve an energy exceeding 10 MeV in a distance less than tio crystd ((Z)^ the X/4 wave plate circular polarizer (CP) are 
a millinicter. as compared to severd meters in the case of respcctivdy shown in FIG. 4. 

conventiond photocathode dectron guns. This reduction in In the method d the invention, laser pulses arc used 
lengdi results in a large reductioa in die emittance growth, having User ptdse width in the nanosecond to femtosecond 
and thus increases the find-focus luminosity. By eliminating range using a chirped pulse amf^cation (O^A) laser sys- 
the need for a separate convestioad injector, this tcchni<pic 6S tern. The basic configuration of such a CPA system is 
also significantly reduces the OHnplcxity of electron acoel- described in U.S. Pat No. SZ35j606. U^. Pat No. 5.235. 
erators. This is because it is considcrdHy easier to tenq>o- 606 is incorporated herein by reference in its entirety. 
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Chtipcd pulse anylification systems can be roughly divided plasma wave is voy Laigc. Note that vdocity and dectfon 

into four categories. Tbe first includes the high energy low potential are out-of-phasc in FIG. 4. The second laser pulse 

repetition systems such as ND:glas5 lasers with ou^ts of (injection pulse) is injected into EPW perpendicular 

several joules but they may fire less than 1 shot per minute. (orthogonal) to the direction of ao (y direction for 

A second categoiy are lasers that have an output of a^ipfoxi- 3 convenience). The pertinent variables are listed below: 

mateiy 1 joule and repetition rales from 1 to 20 hem. The .2. nomalizcd injection laser pulse intensity 

third group consists of milli joule level lasers that operate at ^ ^ ^ . . . 

rates ran^ from 1 1 o 10 kUohcitz. A fourth group of lasers ro: i?)ot size of the uijection pulse 

operates at 250 to 350 kilohotz and produces a 1 to 2 Z^: position of the center <rf laser pulse in z axis 

miaojoulcs per pulse. In VS. Pat No. 5^35,606 scvaal The pooderomotive force of fa^ in z direction dqdiascs the 

solid state aiiylifyiDgiiiatciiak arc idciitified and tticiBvcn- velocities (tfagroiq>ofthe EPW bnckgnMuidclcctroQS. This 

tioB of U.S. Pat No. 5J35,606 is iUustrated using the concept is shown in FIG. 7 i*tec the electrons arc dephascd 

Alcxamkitc. li:Sapphire is also commody used In the basic widi icspect to ti&e plasma wave are illustrated (Curve B). 

fffocess oi VS. FsL No. 5035.606 with some variations as Such dectrons dephased with respect to the plasma wave 

described bdow. Ober lastf means include glass. USAF. come under the influence of the dcctric field. As a result of 

dyes. LiCAF. and the like. the electron velodty dephasing. EPW electric fidd. now 

The illustrative examples described bdow ^ncraUy per- in-phase with the dtpt^scd velocities, accdcrates those 

tain to laser pulse energies in the 1 joule (J) to 5 joule (J) electrons above injectkm thrcsbokl for tr^jping. FinaUy. 

range with pulse wkMi in the range <tf 100 fs(fciptoscrnnds) those dectxoos catch up with tbe plasma wave and are 

to 1 ps (picoseconds) and the wave Icngdi on the ofdcr oi 1 ^ flapped. ElcctroDS in-phase (u n dcphasc d) are diown in 

micron (pm). But these examples are mcrdy illustntive and curve A. for oomparison. 

ttie invention is nollimited thereby. Tbe ULACmaidy consists of toec different stages of the 
In a basic scheme for CPA laser (41t) of FIG. 5. an acodctation psoccss. This concqjt is shown in FIG. & The 
ultrdii^ peak power pulse (411) is pioduced. First a short non-^elativistic pondcromotrve force is defined beginning 
pulse (412) is gcacxated. Ideally the pulse (412) from the ^5 Equation 3.1 of TbMc L where e is dectric chai^ ft is 
osdll^or (413) is sufiBciently short so that fiodker pulse noonalized vdocity. ot) is laser frequency, E is dectric field 
axs^pKssiou is not occesssry. Afftcr die pulse is produced it of laser, is a positioning coordinate (axis), and mo i^ t^ 
is stretched in a stretcher (414) conqxisi^ n»ors and mass of electron. The rdativistic pooderomotive force is 
^tfings arranged to pnyvide positive group vdocity disper- given by Bqpiation 3.2 of Table I and the p. nonnalized 
ston. The amount the pulse is stretched dqicnds on ttie „ velocity, is given in Equation 33 of Table I. and 
amount c^anylificatioii. A first st^ (tf ami^fication typi- akonatwdy, X? is expressed in Equation 3A of lU>lc L In 
caUy •^^'^ place in other a re^nczative or a imiltipass Equation 3.4. tbe laser wavefenglh, X, is in micron and the 
aiqdifia (415) which is pun^xid by laser (417). In one lascx intensity, L is expiessed in W/cm^ It thus follows that 
configuration this consists of an optical resonator that con- p^«0.4 for ^10" W/cm^ and X^i )im (micn»i>. The rel»- 
tains the gain media, a PockdscdL and a thin film polarizei: ^ tivistic cooective effect ctfponderomodve force is to reduce 
After tbe regenerative amplificatioD stage the pulse can the force down to 20 peroem lower than the non relativistic 
dtbtf be rccoayffcssed or further ami^ified. Tbe conqvesscr version. To compute AE^ first nonnaHzsed E as per Equation 
(416) consists of a grating or grating pair arranged to provide 3.5 and 3.6 of Table I where A is the vector potentiaL 
negative ffoup velocity di^iersion. Gratings used in the Assume a is the functional form of light pulse as in Equation 
coixfxessor are designed, contracted, and arranged to coop- ^ 3.7 and the square wave envelope and oscillating portion 
oate with those in the stretching stage. More paiticulars of are gtven in Equations 3.8 and 3.9, with i being an imaginary 
a typical system are described in VS. FaL No. 5.235^606. number. For rdativistic pulse shape in time, replace S(2(tX 
previously inavpovatcd herein by reference. t) by GS(t;T.T) wfaicfa is defined as the Gaussian pn^ in 
System Modeling Equation 3.10. Since pondcxomotivc force is a time aver- 
As can be seen, the Laser-Injector Laser ACcdcrator aged effect, the OSC(t^ii)) will drop out <rf the expression foe 
(ULAQ ^ the invention is a stand-alone, desktop-scale. and the rcsuhingponderomotive force from the above set 
and cost effective electron accdcntor whiA uses two of equations is F=F(|i>=F(M(a)); as per Eq^atioa 3.11. The 
ultrashort and uteraintesse laser pulses; Ihe first pulse to maiimnm ponderomotive foice occurs at Zr-Z, as pa Equa- 
genoate the highly accelcratioa efficient electron plasma tion 3. 12, causing Equation 3. 11 to reduce to Equation 3. 13. 
wave (EPW) and the second one to accelerate a portion of ^ The momcaimm increase erf' the background electrons wilh 
the back^ound dectrons (in the PW) su^ipocting the EFW. mass nob can be wrilten as in Equations 3.14-3.16 with the 
While not wishing to hold to any particular theory, meinodd variables as defined bdow: 
whidi dcsoribes tbe physics of tbe ULAC is tbougbt to be Yo' ^ rdativistic factor of background dectrons 
as follows. The LILAC mainly consists of three different xt ^ ^j^^ ^ anivd of the iiyccticMi pulse 
stages of the acoetoalion process. The first one is the 55 t: the pulse width <rf the injection pulse 
formation of accdcration medium (plasma wave) by a puii5> T is the time when the ponderomotive interaction 
pulse by Laser Wakcfidd Accdexator (LWFA) to generate between injection pulse and electron begins and T-K the 
EPW in a z direction. The pertinent variaUes arc listed it ends. 

As to velocity phase drag, define the phase O=o^t, then 

Qo^: normalized pump laser pulse intensity ^ theproportionaliiy is expressed as per Equ^n 3.17, where 

0: EPW anq>litude the phase (rf^ v is chosen as per Equation 3.18. Now v 

OK laser frequency describes the velodty of the background dectrons where 

ci]^: EPW fi^ency is the maximum velocity that background dectrons attain 
Tlicn. <Ite:/(ao^. This EPW follows a phase relationship as during the excursion. Denoting {biases <t»i, as per Equa- 
shown in FIG. 6. between potential, fluid velodty. and 63 tions 3.19 and 3.20. it is determined that widiout injection, 
dectric field, so thja background electrons can't be accd- velodty evolves fromT toT+t according to O ody. There, 
aated by their own plasma electric field, except when ihe is no phase drag for vdocity as per Eqiiation 3.21. In 
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contrast, whh injection, an additional term, poodetomotive 
force, is introduced tbus producing phase drag for velocity 
as per Equation 3.22. Witii injectioa. the background elec- 
tions which have iateractcd with the injcctton pulse will 
have ai^iase drag of velocity oscillation compared to odiers 
which have not The amount cf this phase delay can be 
compUed as per EquatioDS 3.23-32S. whac ^3 is the phase 
value of uiqicrturbed v<0) which gives the same velocity 
perturbed at l=T-Hr. and Equation 3.23 can be rewritten as 
Equation 3.24; lA^iicfa is equivalent to Equation and 
yields Equation 3^. As can be seen in FIG. the phase 
delay. 5 is as per Equation 3.27, and 5 is calculated by 
Equation 3.28. 

To analyze the trapping threshold, the LILAC is reviewed 
in moving finHne of EPW. In FIG. 9, the velocity dcphasing 
mcdkod is descdbed by comptting d!c motion ctf an uiqier- 
tuibed badcgiound ekctron and a laser injected electron In 
the moving frame of reference. It can be understood that the 20 
pondeiomocive foece accelerates die ekctron ^i^ule it is on 
its way down to valley of the potential The most general 
trapptug condition is in the moving frame of EPW as per 

Equation 4J9 with variables as defined below: 

25 

electric potential of EPW 

y: iclativistic factor of tibe background ekdron 
The quantities have Lorentz and inverse Lorcotz transfor- 
mation property as per Equations 43(M3Z Thus, gives the 
y at the time T-^ oot can compute the mimmnm valoe of 
injeclk^n tinetlc eacfgy cT Oie pattidc, (T-l) not/r' where r 
is defined as per Equation 433 and where e is defiited as per 
EquMiott 434. The fonnatioa of LILAC depends on ¥iMhcr 
a background ekctron is dephased in velocity so that the 5 
exceeds the r in Equation 433. The phase delay in velocity 
5 is the most rdcvant quantity for detennining the trqjpiiig 
of that particular electron since the plasma wave potential 
and electric field is not scveiely modiftrd by the injectioB 
pulse. In FIG. 10, the concept of the phase delay im velocity ^ 
is introduced grai^ucaliy. Since 4^=0^ one derives Equa- 
tion 435. The relativisticfaclor which is a function ctf the 
vdocky (tf the ekctron whidi has already been d<|)hased by 
&shouldalsoh«vcaphasedeiay of 5 as per Equation 436. 
Following the defimtion of the tr^jping oondrtioiu one 45 
concludes that a backgnwnd electron will be trapped if 

and c^'^ meet criteria as per Equations 437 to 439. 
Assuming y^J^cf^ the phase rrlarionships ykid a phase 
convention for ^, as per Eq^iatton 4.40. and Equation 437 is 
equivalent to saying that in die lab frame is equal to the ^ 
values given in Equations 4.41 to 4.43. Equation 438 is 
equivakat to saying that in the lab frame 7;^^ is as per 
Equations 4.44 and 4.45, where y{^^ is derived as per 
Equations 4.46 and 4.47. Since 5 is a function <tfX X and b^^ 
defined in Equation 3^ then. Equation 439 determines T. 

and Yi^^ per Equadons 4.48 to 43a In order to sokvc 
EquMions 4.43. 445, 4.47, 4.48. 430, and 43 1 f cr injection 
direshold vak of rewrite Equation 4.45 as per Equation 
432. Then, plug Equation 432 into Equation 431 to get 
Equation 433 and solve Etpiation 433 for F^ ponderomo- 
tive force, as per Equation 434 and assuming F^KFp)»«a« tn 
Equation 3.13. rewrite Equation 434 as pa Equation 435. 
To express v« in terms of e,^ note that by 1-D nonlinear 
fluid theory, the velocity of the background electrons in 65 
EPW has the following relationshq) with the normalized 
electric potemial 



It is thus possible to use Equaticms 4.56 and 437 and 
reanaoge Equation 4.55 to give the exprcssioB for the 
injection thresbc^d of 1\> given r^, T. t. and ail the other 
parameters as per Equation 438. Equations 433 and 438 
are referenced in a ptipa by T. Katsoulears et at. UCLA. 
PFG-854 (1985) Equaticm 4.58 together with Equations 4.48 
and 4.50 determines the approximate value of b^ for LILAC 
operation. 
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In carder to test the model cf the trwihotf. a d 
single particle in two diiDensioo was pcrfonned. The reU- 
tivistic equatioo of motion was solved to follow the trajec- 
tofy of a trapped dcdnm in ttie phase space. The codes 
validity was tested using the ponderomodve force of the 
iajection pulse awl the tnqipuig of aa clectioa in the plasma 
wave, to see if they are coBsistent with the modon caqKcted. 

In FIG. 11. the final drift vdodty along the <fiicction 
perpendicular to the propagation of the injection pulse is 
shown as a function of the iiyectioo pulse amplitTirtr. Gaus- 
sian shape for injection pulse spotsize and width is chosen. 
The electron starts at rest at tM). a distance i</2 away from 
the center of the injection pulse. It is accelerated to the final 
drift velocity as the pulse passes by. 1^/2 was chosen since 
that is where the pondcramotivc force is maTfimiiin (it is pi 
and e is natural number, log scale.) Thus, tbc curve icprc- 
scnts: 



(4.44) 



45 



(4>I5) 



\;^.S8i&V(7'+ 1) + - 



The points plotted out in the figure represents the simu- 
latk>ns and the agreeaneot is wen establisbed except at h]£^ 
(4.46) 50 vahies of l\>. The deviation has OMne from the that the 
ami^itude of the poDdcromotivc force in the curve is always 
ralnilatrd at tbc z=ro/2. WiA a his^ value d the z 
dis{dacnnent of the paiticie is prominent and the maiimiwn 
pondcxomotive force assunqjtion holds tnie no longer 
55 In FKj. 12. the trqipingfcrmula^ Equation 433 is plotted 
and using the same simulation tnq)puig is observed for 
waves of various amplitude. The p^nts represent the foct 
that the electron with an initial and an initial position at the 
ma^im^fn* cf electric poteatiai would t>e tr^iped. 
60 Observing that the code produced the agreeable results on 
the tests for ponderomotive force and tnqipi^ it is possit^ 
to link the two curves since the final drift velocity (hat can 
be obtained from the ponderomotive force is used to inject 
ekctroos into the plasma wave. In FIG. 15. the drift and the 
65 iojectiott velocity are coupled so that the energy coming 
from die pooderomotive drift gives a trapping threshold 
curve in tenns of The solid line rqxesents the curve that 



(4.47) 
(4.48) 
(4.49) 



(4-50) 
(431) 
(432) 
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can be obtained from coupling Ihc Crapptng and the drifting length of one of the punq) pulses, and its intensity twice that 

vek>city forrmila diicctly. The e^iicit form of this curve is: of the pumps. bo=2aa=2.00. The spotstze of die injection 

puke is T^5 (microns), and die position is such tfiai the 

I ~ peak of the injection pulse crosses die axis of the pump 

6,=N x^+\ r*/i6+r* » 5 ptdscs one plasma wavclcngdi behind tiic peak <rf the first 

The results die simulation arc summvized in three 

-Na/gg^ Vr^ ^ ^* * ^ ^ propagating 

^ ~ ~ ^ through die plasma, in the frame of the moving wave. The 

10 foirciuantities plotted are: the laser intensity. ao;lhc electric 

The dotted line is the numerical solution (rf die same field <rf die wake. 
modcL The discrqxmcy occurs between the above expres- 
sion and the numerical solution because of iqipioxinutfions 
needed to solve for an analytic caqvession of die drift 
velocity. The rectangular points mc from the simulation, u 

Hiey show die same tendency of the other two curves. dcctric potential 
though they do noi agree with the pooderomotive drift 

ttusdel The physical inteqxetatioQ of dits is stu^ic. die . 

laiger die plasma wave an^litude becomes, die easier it is to * 
trap the electxoa There is still some disj^^ecmcat between 20 

the predicted and die simulated results. This is because diere and die individual potide velocities. ^ The first dme 

were several qiproiximatioas in order to make die HG. 13c qualities arc noted on die plot*s legend. The velocities are 

Ibepkt was made as if die eiectrofi is pro-accckrated only plotted as individual points on die plot It is dear diat afta 

1^ the ponderomotivc force of iii|eictio« pulse without the the second punq> pulse there is no wake: The particles 

influence of the plasma wave. In rcahty. the dcctroos will be 25 trapped in die wave fonning the beam are centered around 

accelerated widdn die plasma wave electric fidd and die 37 fs (femtoseconds). The anqilitude at die wave matches 

phase of die injeded dectroos widi respect to die plasma the Gq)cctBdctt from dieory egplaining die f cnnatios of 

wave wiD account for die discrqMuicy between die Simula- wakes. FKi. 15 deii»ttstrates die ttqipingcf die particles in 

tionpcMttts and die predicted curve in FIG. 13. the wave. Ihis dme normalized mcmienta of die particles. 

ItwasdetenmneddiatitisnecessaiytDmatchdievelocity 30 yP^ are ptotted. The solid line rqvcsciits the tri^iping con- 

of die electron to d^ phase velocity of die wawc for die ditionof Equation 433. based on die dectric potential of die 

electron to gain energy from die planna wave. The phase wave. Any partidewidi a momentum 4^bovedus line is then 

vdodty of die plasma wave is aboot die speed li^^ tapped in die wave Again, at j^bout 37 fs (fcmtoseooDds) 

almost C An electron at C has energy <rf aboU an MeV. die trqped paitides can be seen, wcU idxyvc die tr^iping 

'nicrefore.it is necessary to impart to die election a change 35 condition. Hie phase vdodty <tf die wave is 7^10. so die 

in momentum such diat it wiD end up wididut final vdocxty paitides mc actually moving frutcr dian die wave at diis 

while ft is sdU in die region where it comes under die point The diinl plot FKj. 16, shows die energy spectnmictf 

influence of die decuk fidd for acoekradcm by die plasma diedcctrtmsatdieeBdctf diesttuUatioa.'nieyfaUinlotwo 

waive. The intensity necessary to do thb concsponds to a groups, die first is die background electioiis widi energies 

gaittiaeneigyequaltodierestmassof die electron which 40 ranging frcoi 0 to 1 McV. The second groiq> centered at 5 

is j^out an McV, and die energy required is approximately McV, are die dcctrons in die beam. The plot shows a distinct 

10* W/cm (watts per square centimeter) for Ifim (micron). squntioD die beam from die bac^ound, widi a small 

As an example ctf die principle, a simnladoo of oae energy ^vead in die injected beam, libout 10 percent 

possible configuration was performed. The a'miilatiott used While this particular simLdation may not be optimized for 

is <rf a type known as P^uticle-in-CeU or PIC Ttds type of 45 die best possMe coafiguration, it does show one possit^ 

numerical simulation is common in plasma physics, esp&> configuration. U also demonstiates the robustness of diis 

ci*^ atoations ^*ere analytic sohitions are impossible. technique, diat a beam of ouxifeat quality. ewgy 

Particles representing free dedrons and atomic ions move spread, can be created even under non-optimal conditions; 

widun die confines of a ^latial grid under the influence of optimal yet to be determined. 

dectric and magnetic fields. The pnticular PIC code used x The nv^diod and appmtus of die invention are unlike 

has <»e spatial ditnensioa. z, and vdodties in tiircc odier fdasma-based accckrators, which are exchisivdy 

dimensions, x. y. and z. The motion of die pvtides is secoMl-st^ higb^nogy electron accelerators, requiring a 

calodaled using fidlyrelativistic equations <^inotion for a trailing bundi of electrons ttiat have been generated and 

charged paitide in electromagnetic fields. The fidds arc pre-accdcrated in a conventional cond>ination dectron gun 

solved sdf-consistendy for die initial condition and then ss and linear (linac). 

evolve temporally according to Maxwdl*s equations. TTie invemion utilizes laser-driven plasma waves as die 

The chosen diaractoistics for die simulation arc diat of a first-stage low-energy electron gun/liimp iisclf. As such, it 

diree pulse configuration. There are two pump pulses and a fonns die basis for a convict (t^le-top) source of relativ- 

single injection pulse. The first pump dwKs 14) die wave istic electrons, dial can either be used by itself or as an 

while die second identical pump follows die first at a 60 injector for high-energy acceferators. Electrons are aocekr- 

distanceof 3/2 die wavdengdi of die wake in order to drive ated to relativistic vdockies in a distance less than a 

die wave back down. This creates only a smaU regioa for mniinrlrr as con^iared widi several meters for a con^ 

ir^){»ng so Aat die elcctroo beam is very short The two r^e conventional linac. resuming in Iowa beam emittance 

pun^ pulses have a laser wavdengdi ctf 1 ^(micron) and and a more coo^^act size. It also produces much shottcr- 

a lengdi equal to die wavdengtii <rf die wake, 10 pm 65 duration dectron pulses (femtosecond as compaied widi 

(microns), or 33 femtoseconds. Their nonnalized intensity is picosecond). For apptotions diat require an electron bundi 

a(r=100. The puiiq> pulse has a lengdi equal to 3 times die synduonized widi a laser-light pulse, femtosecond accuracy 
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may be achieved wi± tbc invcntioo. Id a preferred 5. The raetbod according to daim 2 wherein said 

embodiment, two orthogonally directed l^er beams are dephased electrons are fornvd from said atomic io«s in said 

injected into a plasma: one beam creates a Wakefield plasma plasroaby said laser pulse at an intensity sufficient to remove 

wave, and the other alters the traicctofy of badcground said electrons from said atomic ions thereby providing said 
electrons in such a way that they become tr^jped in the 5 d^Aiased electrons. 

plasma wave and are then accelerated to rdativistic velod- ^, j^e method according to daim 1 wherein said plasma 

ties in a distaikce less than a millimeter. Compved imth a ^^ye is formed by generating a first beam of at least one 

conventkwal dectron linac, the ULAC has a much highCT p^^^^ pubc; and directing said pump pulse onto a 

fidd gradient, resulting in lower beam nnittance. Since it ^^^^ produce said free elections and atomic ions by 

also can produce much shorter-duration cbx*on pulses, it j^hjIo ioniratk>o of said target and to jroduce said piasma 

^dSsS^l^^ wjj.m^inginthedi,ec^o.of,^ 

^4iS™f<*fl«-«=deraledd^ ^^^^f^T^'^Sf^ 

lownei^i^^ of 2(VMeV electrons can be ^5 sa-l first lascx pulse 

with a onicntly-availablc tahle-top higMntcnsity laser atomic 10ns, and said second pump law pulse whidi pro- 

(I^ lxlO*« W/dn^X The prindpic upon ^ch the ULAC is <»i»ces said plasma wave. 

based can be used to study the growth <rf,aiMl the tnvping ». The method according to daim 7 wherein said first 

of dcctroos in, laser wakefidd plasma waves. pulse amves at said tar^ before said second pulse. 

In summary, the pulses of Ifae invention are uttni short 20 9. The method according to daim S wherein said second 

pulses generated by laser systems as described in FiCS. 4, pulse is delayed widi respect to said first pulse for a time 

Sand 17. In the method of the invention, the pump pulse and sufficient for any plasma wave produced by said first pulse 

the lajectioB pulse may be obtained from the same laser to daii9>ett away. 

beam splitting a single laser pulse into two sub-pulses. 19. The metfKMl aocording to daim 6 wherein said 

The beamsptitting may oooir before (FIG. 17) or after (FIG. 23 dcphased dedrons are produced by generating a second 

4) reconqnssion in the laser system, shown schematically beam of at least one injection laser pulse and directing said 

ia FKf. 5. If such beam^ditting occurs after recosxqsessiott injection pulse into said plasma wave, said injection pulse 

(FIG. 4), then the pump and injection pulses are synchro- imving an intensity suffidcat to remove electrons from said 

nizedwidi respect to one another The invention may also be ihadby providing said dohascd electrons, 

used with thebamsplitter(na 17) pi^^ 3^ ^ method according to daim !• wfaerdn said 

Sl^^l^rSTdlS^^ nOo^onlaserpulsehasaninte^^^ 

^SiS??^^^ ^ll^methodac^^lingtodaiml^ 

ously shSwnin FIG. 5, a«icS^I^ 416(a) and 416(6), '^i^ laser p««lse fa«s an ji^^osity^i^^ 

simOar to single compressoT 416 of RG. 5. More W saKldcclions from said atoimc ions by pboto^iooization and 

spedficalty, in FIG. 17, beam 5t0 is by beamsplitter to impart to said removed dedrons a residual vdoaty 

Sn into a first pulse 5M and a second pulse 5M. Pulse 504 sufficient to cause said electrons to be trapped by said 

is directed by mirror 51t to compressor 416(o), then by plasma wave. 

minor 512 and optics 514 to target 515. Pulse 5#6 enters 13^ The method according to daim !• wherein said 

compressor 416(6) and then eaters dday line 516, axnpris- 40 injection laser pulse removes electrons from said atomic 

ing miircrs 51S(a). (6). (c). and (^ Next, poise 506 is ions at a higha ionization stage than (hat said dectrons 

directed onto target 515 by optics 520. removed by ionization cf said taget by said pump pulse. 

While this invention has been described in terms of 14. The method according to daim 10 wherein said 

certain entedinnts theiectf, it is not intended that it be injection laser pulse is ooUiaear with said pump pulse, 
limiled to dteibove description, but rather only to die extent 45 15. The method according to daim 10 wherein said 

set foith in the foUowing claims. The cmbodimeats of the injection laser pulse is injected into said plasma wave in a 

invention in which an exclusive pcopeity or privilege is direction orthogonal to the direction of propagation of said 

claimed are defined in (he following claims. pump pulse. 

We daim: 16. The noedwd according to daim 10 wherein said at 

1. A method for accelerating electrons comprising: gen- 50 least one injection laser pubc comprises two injection laser 
crating a plasma wave in a plasma comprising free dectrons pulses atrangedcounterpropagiting to one another and each 
and atomic ions, said plasma wave characterized by an directed into said plasma wave m. a direction ordiogooal to 
dectric field; producing dephased dectrons that are the (firection of propagatioa of said plasma wave to offset 
defrfiased with respect to said plasma wave; and acoderating any drift <rf said dectrons in a direction transverse to the 
said dephased dectrons by fence of said plasma wave 53 direction of propagation of said f^uma wave. 

dectric field. 17. The method ncoording todaim 10 wherein saidpunq) 

2. The mettwd according to daim 1 wherein said and injection laser pulses are directed into said plasma wave 
dephased electrons are formed by directing a beam com- essentially simultaneously. 

prising a. least one laser pulse ioio said plasma wave to 18. The m^iod according to claim 10 wherein a single 
dephase said dectrons with respect to said {dasma wave. 60 pump laser pulse and a single injection laser pulse are used. 

3. The method according to daim 2 whcicin said beam is 19. The method according to claim 10 wherein said 
injected into said plasma wave in a direction different fix>m injection aiKl pump laser pulses have differing wavelengths, 
the diiection of propagation of said plasma wave. 20. The method according to daim 10 wherein said 

4. The mediod according to claim 2 wliercin said laser injection and pump laser pulses have differing pulse wiftths 
pulse has an imensity gradient suffident to alter the trajec- 65 (pulse time duration). 

tory of said free electrons thereby providing said dei^iased 21. The method according to daim 10 wbcrdn said 

dectrons. injection and pump laser pulses have differing polarization. 
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22. The method according to datm 1 whctein said step of 
producing said rtfphasfri electrons includes altering the 
position, dircctioD, and velocity of said dcphased electroas 
so as to position said dqihased electrons in an optinud r^lon 
of said plasma wave electric field with a velocity that 
exceeds the phase velocity of said plasma wave. 

231 A method for accelerating dectroos comprising the 
stq>$ of: 

a. gencnting a beam of at least one punq> laser pulse; 

b. directing said pump pulse onto a taiget to produce a 
plasma wave in a f^asma cooqirising free dectrons and 
atomic ions; said plasma wave moving in the direction 
of propagation of said punq> pulse, encompassing elec- 
trons in-pbase with oscillating motion of said piasnoa 
wave, and being diaractcrized an dectric field; 

c. gencradng a beam of at least one injection laser pulse; 

d. directing said injection pulse beam into said plasma 
wave in a direction transverse to the direction of 
propagation of said plasma wave to produce dqihased 
electrons that arc dcphased with respect to the oscil- 
lating motioii of said plasma wave; and 

e. positioning said dcphased dectrons in said plasma 
wave dectric field and acoelcnting said eJccticms by 
f Gffoe of said electric field. 

24. Hie method according to claim 23 wherein said 
injection laser pulse has an intensity gradient suffident to 
alter die tr^cctory <^ said in-phase electroos by pondero- 
modvc force thereto providing said depbased dectrons. 

25. The method according 10 claim 23 wherein said pump 
laser pulse and said injection laser pulse have dififcring 
wavelengths, pulsewidtfas, intensities, and/or polarizations. 

26l The method according to claim 25 wherein said 
di£Fering wavelength is achieved by directing one or both of 
said injection and pump pulses through an optical device 
which alters the wavelength prior to directing said pulse 
onto said target 

27. The method according to daim 23 wherein said 
dephased electrons are produced from dectroBS present in 
atomic ions in said plasnui and said Infection laser pulse has 
an intensity suffident to remove said dectrons firam said 
atomic ions by pbolo-ionizatioa thereby providing said 
dq)hased electrons. 

28w The method according to daim 27 wherein said 
injection laser pulse has an intensity sufficient to remove 
said electrons from said atomic ions by photo-ionization and 
to inq>ait to said removed electrons a resi^hial velodty 
sufficient to cause said dectrons to be trapped by said 
plasma wave. 

29. The method according to ciaim 23 wherein said al 
least one in jectton laser pulse comprises two injection pulses 
arranged countcrpropagating to one another and each 
directed into sjud pUsma wave at a direction ortiiogiHial to 
the direction of propagation of said plasma wave. 

30. The nKtfaod according to daim 2> wherein said two 
injection pulses are injected into said plasma wave essen- 
tially simultaneously. 

51. The method according to claim 23 wherein a single 
pump laser pulse and a single injection User pulse are used. 

5X The method according to daim 31 wherein said 
injection laser pulse is injected iofto said plasma wave 
essentially simultaneously with said punq> laser pulse or 
after said pun^ laser pulse. 

33. The method according to daim 23 wherein said 
injection laser pulse is focused onto said (daana wave by 
focusing means which provides a beam spot size, wtiicfa in 
one dimension substantially corresponds to the radial extent 
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of the plasma wave, and in another dimension corresponds 
to about one phtsma wave wavelength (Ap. 

34. The method according to daim 23 wherein the plasma 
wave has an axial extent (z axis) and a radial extent (y axis) 

5 and the injection laser pulse is focused onio said plasma 
wave by focusing means which provides a beam ^>oC size 
having a dimension along the y axis whidi is greater than the 
size along the z axis. 

35. The method according to daim 23 wherein first and 
second pump laser pulses are used, said second pump pulse 
is generated at an interval of 3/2 plasma wavelengdis (3/2 

after the first pump pulse, to provide an accdcration 
region of a sti^ plasma wavelength and thus provide a 
single electron bunch. 

36. The method according to daim 23 wherdn die pump 
15 pulse beam and the injection pulse beam are each produced 

firom a sii^le laser pulse which is ^>lit into two pulses, the 
first being said pump pulse and the second being said 
Injection pulse. 

37. Tbe nwlbod according to daim 23 «4icrctn (me or both 
30 of said pomp and injection laser pulses is directed through 

respective optical means which adjusts the arrival tinne of 
said pulses at said taiget relative lo one another 

3SL The mettMd according to claim 23 wherein said 
injection laser pulse arrives at said taiget during said pump 
23 pulse. 

39. The method according to any one ctf daims 2. 6« 10, 
and 23 wherein each of said laser beams is obtaiited by 
chirped pulse amplification means comprising means for 
generating a laser pulse; means for stretching such laser 

30 pulse in time; means for amplifying such timc-strcichcd 
laser pulse; and means for recompressing sudi anq>lificd 
pulse. 

40. An sppMoaas for acccknting electnms comprising: 
a. a vacuum chamber 

^ b. laser pulse generating means for generating a beam of 
one or more laser pulses; 
c a target supported in said chamber, said target com- 
prising matter which forms a plasma ^x>n bomb ar d- 
^ ment fay one or more laser pulses; 

d. beam qililting means which splits each of said gener- 
ated laser pulses irto two sub-pulses, a first sUb-pulse 
and a second sub-pulse; 
c optical means ^^licfa delays at least one of said sufo- 
4j pulses and directs it to said target; 

f. first laser focusing means, disposed between said laser 
generating means and said taiget. 'wfikh focuses said 
first sub-pulse onto said target and adjusts the size of 
the spot of the beam and its correspoxMliag intensity 

50 incident at said taiget to produce a plasma wave in said 

g. second laser focusing means, disposed between said 
laser generating means and said target, which focuses 
said second sub-pulse onto said target and adjusts the 

55 size of the ^xit of the beam and its coiTespooding 
intensity incident at said target to provide dectrons in 
said [dasma whicfa are ottf of phase with said plasma 
wave formed by said first sub-pulse; and 

h. said first focusing noeans and said taiget arranged in 
60 said chamber to define a first path for said first sub- 
pulse, said second focusing means and said target 
arranged in said cfamdwr to define a second path for 
said second sub-pulse which is transverse to the first 
path. 

63 41. The apparatus acceding to daim 40 wherein said . 
laser pulse generating means comprises a chiiped pube 
amplification (CPA) system. 
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42. The appaiatus according to claim 41 wbereiD sak^ 
system comprises mcatts for gcncratiDg an optical pulse 
means for stretching the pulse in time, means for aiiQ>lifying 
the time stretched pulse including solid state amptilying 
media, and means for recon^ressing the amplified pube. 

43. The apparatus of daim 42 wherein said CPA system 
produces a beam of one or more pulses having an incident 
intensity of at least about 10^^ watts per square centimeter 
at a laser pulse time duration of less than a picosecond 

44. The jqiparams according to daim 41 ^i^ierean said 
beam splitting means comprises a transparent substrate with 
a reflective coating fliat produces partial transmission. 

45. The ^iparatus according to daim 44 ^^lerein said 
beam flitting means is arranged between said pulse ampli- 
fying means and said recon^ression means, and said reooa>- 
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pressioo means comprises a first compressor wtucfa recom- 
pf esses said pump pulse and a second compressor whidi 
recon^vesscs said injection pulse to a pulse time duration 
difE^crent fir<Hn said puxap pulse. 
' 46. The apparatus according to daim 44 further compris- 
ing wavdength adjustment means ananged between said 
beam ^>lilting means and one of said focusing means. 

47. The apparatus of daim 4t wherein said second laser 
]0 focusing means comprises a cylindrical leas or nutroi: 

4S. The iqjparatus according to daim 44 further compris- 
ing a wave plate circular polarizer amnged between said 
beam splitting means and said sccwxl focusing means. 
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ABSTRACT 



In an zppsrsam for accelerating electrically charged particles 
from a poised plasma reservoir of hi^ partidc 6sagaXy in a 
dielectric tubular chamberiKhich extends from the reservoir 
and is surrounded by at least two electrodes of ^ch one is 
disposed at die wall of the reservoir; the dielectric tubular 
chamber is partially evacuated to a snffiriently low pressure 
p such diat the product of the gas pressure p and the inner 
diameter d of the tubular chamber is low enough to avoid 
parasitic discbarges in the residnal gas charge, and a voltage 
is applied to die electrodes sudi that the partides arc drawn 
into the didectric tubular diamber widi tngb flow density 
and are accelerated therein thereby framing a charged par- 
tide beam wherdiy die residual gas charge in die didectric 
tubular chaniber is ionized along the inside waD of the 
tubular chamber and polarized such that the wall of the 
didectric tubular chamber becomes repulsive for the 
charged particle beam and its axis becomes attractive 
vidiereby die charged partide beam is dectcostaticaUy 
focussed and exits the (Hdectric tubular chamber with log 
losses. 



12 Clainis, 7 Drawing 9iccts 
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ELECTRICALLY CHARGED PARTICLES 
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Hie invention relates to a particle beam acceleiatcr for 
generating an electrically diaxged partide beam. 

M^th such acceloalors, particles of a pred^ermined 
charge and mass are extracted from a reservoir and su{^ed 
to an acoelemion chamber fanned between two different 15 
dectrical potentials to finally provide a beam foe use in 
further treatment procedures. 

Patent DP 38 34 402 disdoses a process in ^^cb the 
ma g ne t fc a n y sdf-focussed dectnm beam or a pseudo-spaik 
discharge is recdved at the arKxle exit of an electrically 20 
ins u l at ing quartz tube and is transported therein over a 
certain distance. A slight curvature or the tube has no 
noticeable effect on the beam transport and aocordinglty 
fiadlitates the search for the most suitable ixnpsct angle of 
the beam onto the target lb a <^" t? ffn degree, the tube 25 
protects the psoulo-spark chamber from ablation vapors and 
pennits difierentiai punqmig because of the small pump 
cross-section. The generation or the dectron beam with the 
technically coniqtlicated pseudo-spark chamber however is 
lirmted with rc^id to beam strength and divergence. 30 

It is the object of the invention to achieve hig^ paitide 
beam intensities or equivalent thereto a high current, that is. 
a high current density, and a sharp focussing of the partide 
beam by eaHunrncally acc^table means and expenditures. 

35 

SUMMARY OF THE INVENTION 

In an ^iparatns for accderating dectrically charged par- 
tides from apulsed plasma reservoir of high particle denidty 
in a dielectric tubular chamber which extends from the 40 
reservoir and is suxrounded by at least two electrodes of 
which one is <fiq)osed at die waU of the reservoir; tlK 
didectric tubular diamb^ is partially evacuated to a soffi- 
dently low pressure p that the product of the gas pressure p 
and the irmer diamptfT dot Uie tubular chante' is low 45 
enough to avoid parasitic discharges in the residual gas 
charge, and a voltage is ^yplied to the dectrodes sudi that 
the particles are drawn into the didectric tubular chamber 
with high flow density and are acoderated dierein thereby 
forming a charged particle beam whereby the residual gas 
diarge in the didectric tubular chamber is ionized along the 
inside wall of the tubular chamber and polarized such that 
the wall of the dielectric tubular chamber becomes repulsive 
for the charged particle beam and its axis becomes attractive 
whereby the charged partide beam is dectrostatically 35 
focussed and exits the (tidectric tubular chamber with low 



It is essential that the charged partides in the reservoir are 
iiwturted. under high current strength and current density, 
into a dielectric tubular chamber beginning with the dec- 60 
trode which forms part of the reservoir wall and are accel- 
erated there by w^ of the potential difiierence between the 
two dectrodes. Upon arrival the partides in a target chamber 
at the end of the didectric tubular chamber they have 
reached their process energy. For the beam formation it is 65 
further important that a residual gas charge with the remam- 
ing pressure p is ionized in the dielectric tubular chamber by 



the partide beam and dectrically polarized. The charge 
cloud at and alcmg the inner tube diamber wall is repulsive 
with respea to the particle beam. A space charge compen- 
sation and an dectrostatic focussing the partide beam 
occurs. This process proceeds well if the product of the 
residual gas pressure p arxl the irmer diameter d of the tube 
is so low that the accderation potential between the dec- 
trodes applied from without remains effective essentially for 
the partide beam accderation in ^te of parasite disdiarges 
in the residual gas charge. 

In the enthndiTTCTts described hereafter; additional fea- 
tures are disdosed by wMdi a beam deflection or a change 
in beam cross-section are achieved. Bmher. steps for a 
predetermined beam accderation are described. 

For example a beam deflection is achieved by a locally 
linnted rriagiietic field in the area of die tubular charribet. By 
c h a ngin g the cross-section of the didectric tabular chamber 
the cross-section of the partide beam is changed. 

For the adSu^ment of the process eocigy of the particle 
beam or its beam strength it may be suitable to rechice the 
length of the accderation rfta^anr^ by means of a resistivdy 
or inductivdy coupled auxiliary dectrode arranged between 
the two dectrodes. In addition the accderation A'«t«fici> for 
the particle beam is divided in a wdl defined manner by a 
potential oontrd via resistivdy coupled auxiliary dectrodes 
arranged between the two mam electrodes. 

For the performance of the process the partide accelerator 
as described hmin is well suited. In order to be csq»ble to 
withdraw the charged partides from the reservoir with a 
strong flow, one of the dectrodes forms part of the reservoir 
walL The tubular didectric space begins at such dectrode or 
others if a plurality would be suitablcL The opposite elec- 
trode is arrmged outsi<te the reservoir; The dielectric tubular 
chamber extends toward the opposite dectrode. 

It was fcund experimentally that the geometry of the 
arrangement is optimal when the lengdi of the tubular 
chamber is at least three times its irmer rfinmpiffr in order to 
maintain the axial electrical insulation even with contami- 
nation, the tubular diamber is formed suitably partially or 
fully by a system of aligned dielectric tube segments. The 
segments together define radially shaped slots which prevent 
surface currents. 

Advantageously the slot arrangement is provided in such 
a way that radiation or parrides emanating radially firom the 
tube axis will not reach the radial slot end or only by way of 
a long detour. 

For the inqnovement of the partide beam formarion, an 
electrically sufficiently insulated gas supply is arranged at 
the end of the tube adjacent the opposite electrode by which 
gas can be supplied to the tubular chamber in opposite 
directicHis. 

A noticeable quality improvement of the partide beam 
can be attributed at one hand essentially to the replacement 
of the pfle of electrodes and insulators of the pseudo-spark 
length by a tubular chamber delimited by a (fidectric mate- 
rial which, in the exanq>le described below, is a quartz tube 
or an assembly of aligned quartz tube sections. On the other 
hand, the high beam quality is, to a large extent, the result 
of the particular formation of a charged partide flow with 
quartz tube arrangement 



BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. la is a schematic r^iresentation of the accderation 
and transport path for the partide beam; 
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FIG. la shows a ooss-secdon through the dielectric tube 
with positive space charge along the axis and negative space 
diarge collection along the tube wall as when the particle 
beam is fmned by dectnms; 

FIG. 2 shows a carved acceleration and transport path in 
a receiver with additional magnetic beam focussing; 

FIG. 3a shows a division of the dielectric tube into 
acceleration and transport paths by mean of an auxiliary 
dectrode; 

FIG. 3b shows potential control by means of auxiliary 
electrodes ananged b^weea the end dectrodes; 

FIG. 4a stows a basic radial tube chamber eiqyansion 
between the tube segments; 

FIG. 46 stows a constructivdy simple tube chamber 
expansion; 

FIG. 4c ^xyws a constructivdy invdved tube chamber 
expansion; 

FIG. 5 stows a tube space with dectrically uncoupled 
pumping device; 

FIG. 6 ^lows an dectrically high-charge partide reser- 
voir, a sunple schematic exan^le to the particle generation 
and the withdrawal into the tubular chamber; and 

FIG. 7 shows a pulsed light source. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

In an involved testing procedure it was found that the 
dectroQ beam ^liiidi leaves the quartz tube consists of two 
components, specifically one component from the gas dis- 
charge in the pseudo-spark chamber and a component 
derived from the authentic beam fbnnation in the quartz 
tube. 

Hrst, the election beam from die pseudo-spark chamber is 
coupled into tto didectric tube reliably only if ttoend of the 
dielectric tube is disposed on an intermediate dectrode and 
it does this better the more cathodically the didectric tube is 
charged, thai is» tto deeper it is inserted into tto pseudo- 
spark chambet 

Measurements with a voltage sensing head stow that, 
then, the dectrons from tto pseudo-spark chamber charge 
tto intermediate dectrode on which tto didectric tuto is 
disposed strongly negativdy (up to cathode potential) within 
100 ns whereupon tto cathode end of tto didectric tuto 
draws in dectrons from the plasma in tto canal of the 
pseudo-spark diamber and forms an dectron beam which, 
with regard to travd range (after leaving tto didectric tuto), 
parallelism and effidency, is superior to tto pseudo-spark 
chamber dectron beam. Tto plasma in tto canal of tto 
pseudo-spark chamber serves as an electron source and 
reservoir. 

In this mannei; it is possible in accordance with tto 
inventicm to generate in an apparatus (FIG. la) magnetically 
self-focussing dectnm beams 7 which sqjparadis, for 
example, consists of a pulsed, high density plasma leservon* 
1, of a rapidly variable toUow cathode and of a didectric 
tuto 5 extending into tto cathode and toving one end with 
an opening 4 in communication with tto reservoir 1. Tto 
other end of tto dielectric tuto 5 extends — tng^iiatt^ from 
tto cathode electrode 2— fredy into a iccdver 8 (see FIG. 
2). 

From this end a sharply focussed dectron beam 7 with a 
half-width time of 100 ns is formed which, even after 6 cm 
of free travd, still stows ablation effects as indicated in FIG. 
2 by tto material doud 33. 
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In tto arrangement described, tto aixxle 3 plays a sub- 
servient role. Tto anode 3 may even to eliminated. 

Tto role of tto anode 3 is then taken over by tto metaUic 
recdver 8. Bodi collect tto negative excess charge and, from 

5 it, form tto return current to tto c^iadtors. 

For tto generation of partide beams 7 of high flow density 
such as lO^A/cm^ for dectrons, external electrostatic or 
magnetic focussing is insufficient For tto reduction tto 
space chaige, tto didectric mto chamber must indude a 

10 residual gas charge with a pressure p. Tto partide beam 7 
ionizes and polarizes tto remaining gas so that tto wall of 
the didectric tubular chamber 5 is n^ulsive for tto partide 
beam 7 and tto axis is charged to to attractive (see schematic 
representation in HG. lb). Because of tto distribution of tto 

^ negative space charge 38 over tto tnterics' wall of tto tuto 
5, tto space charge repulsion along tto axis 12 is reduced or 
tto electron beam 7. At tto same time, tto negative chaige 
38 at tto wan is drawn out of tto toto 5 by tto outer d ectric 
fidd such that tto charge carriera, which have been fanned 

^ by tto gas, provide for a positive excess charge 39. Uns 
positive excess charge 39 reduces tto negative space charge 
coming with tto beam 7. 

Tto profile of tto dectron beam is similar to a boUow 
cylinder. T\us suggests a remaining space chaige repulsion 

^ during tto acceleration process. Upon leavirig tto tubular 
chamber 5 tto beam 7 remains s^le and expands only 
stightly along a travd distance of IS cm; but tto residual 
pressure in the recdver 8 rrmst not exceed 0.2 Pa (oxygen). 
Tto profile of tto beam 7 points to tto capadty of tto tubular 

^ diamber 5 to also retain and aocelexate those dectrons 
which would split from tto beam in an open acceleratioii 
arrangement This explains tto high effidency of ^ partide 
accdeiation in tto tubular chamber 5. But to avoid dectron 
losses, tto didectric tuto 5, that is, its first section, must 

^ tove a length of at least three times its inner diamdec 

In tto given example for tto generation of an dection 
beam, the voltage collapse at tto tuto 5 occurs at about 4 Pa 
with an applied voltage of 20 kV and a d^m^fter d of tto 

^ dielectric tuto of 3 rrun. Tto preferred operating pressure 
range for tto given example is between 0.1 Pa and 1.5 Pa. 
As gas charge, oxygen was utilized, but any other gas may 
to used for residual gas diarge. 
Tto diagnosis of tto energy distribudon of tto dectrons 

45 by means of X-ray beterochromatic radiation and magnetic 
fidd spectroscopy stows dtat, in tto preferred pressure 
range mentioned atove, tto energy distribution of tto elec- 
trons remains constant as a result of tto collecdve effects 
thereof, ^th an externally qpplied voltage of 20 kV, an 

50 average dectron energy of 11 to 12 keV is measired over a 
period 70 nsec indq)endently of fluctuations m tto total flow 
in tto tuto which reaches up to 6 kA. 

It is found that tto extracted dectron flow mcreases if an 
auxiliary dectrode 9 is integrated into tto didectric Uito 5 

55 which is OHmected to tto anode 3 (FIG. 3o) by way of an 
ohmic or irxfaicdve resistor 10. Tto resistor 10 is so dimen- 
sioned that, beginning with a small current (10 mA-1 OA) tto 
anode potential drifts away from tto auxiliary dectrode 9 
and die potential is sq>plied to tto dielectric tuto 5 as a 

60 whole. This measure is reconuneiided generally, but particu- 
lariy then, when tto didectric tuto 5 is very long (for 
example, 100 cm) and/or curved and/or if, for a reducticHi or 
an ixu:rease in tto current density, tto cross-section along tto 
didectric tuto is changing. If the didectric tuto is curved as 

65 shown in FIG. 2, also spaced magnets 15 are provided to 
apply locally limitff^ magnetic fidds to tto beam for bending 
the beam. 
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The length firom the leservoir 1 to the auxQiaiy dectipde 
9 m FIG. Ja is called canal accelerator 11 and the formation 
of the paitide beam 7 is called canal discharge. The secdm 
from the aujdliaiy electrode 9 to the anodic end of the 
dielectric tube 5 is rfpgignatpH beam guide 17. 

The dectiic insulation csqability of the inner waU 23 of 
the accelerator tube 5 is impaired by contamination; this will 
rc^t in a misfunction in the operation of the canal dis- 
cfaaige. Also, the occurronce of a secondary disdiarge in the 
adsorbates of the inner wall 23 of the didectric tube 5 is 
unavoidable when the particle flow from the reservoir 1 
tDoeases. The discharge at the iimer wall of the dielectric 
tube 5 leads to a studding of the outer fidd whereby the 
focussing of the particle beam 7 from the reservoir 1 onto the 
tube axis is inhibited. Tb suppress fuU-lengtfa waU currents, 
FIGS. 4a, 4b and 4c show three examplary solutions for a 
segmfgTtfd ar ran ge ment 16 of the tul>e 5, each time in 
cmmection with a didectric body 18, 19, 20 vdndi indudes 
an inner radial gap or any topolf^cal slot fbnnation, which 
results in a disruption of possible damaging iimer surface 
conents ahn^ the wall 23, from one to another didectric 
tube segment The slots may also inchide a recess 22 or 
similar prevents the passing of v^iors into the remote 
slot areas. In this numnpr isolation of the s^ments from one 
another is insured wMch results in reliable functioning of the 

It is also possible to utilize, in place of a rs^dly variable 
boUow cathode, a pulsed surface discharge— or laser plasma 
as reservoir 1 for dectrons as shown in FIG. la. For the 
trarttportaiion of the high~cunmt beam in the anodft diam> 
ber it is however necessary to maintain a iiiiiiiiniim pressure 
of about 0.2 Pa. 

If the reservoir 1 is at a high potemial a trigger plasma 29 
can be conducted dirougih a didectric tube 30 of about the 
same ti^amptPT and the same length as the canal accelerator 
tube U into the reservoh^ 1 aod operation can then be 
initiated. Ihe other end of dse dielectric tube is grounded 
with the trigger source 31 by way of a resistCH- 32 in such a 
way that possible side disdiaiges to the trigger source 31 are 
not destructive (see FIG. 6). 

Pressure difioeoces between the reservoir 1 and the target 
chamber or recdver 8, in which the opposite electrode 3 is 
disposed, can be easily achieved by differential pum|nng 
since the -pomp resistance of the didectric tube 5 increases 
with the inner diameter in the 4th exponent and Hneariy with 
its length. A reliable protection of the whole didectric mbe 
system from contaminatifm is insured if , at the end of the 
(hdectric tube 5 toward the opposite electrode 3, a gas 
supply 24 is connected to the tube 5 so that the gas can enter 50 
in the direction toward the reservoir 1 as well as toward the 
recdver 8 in wMdi the opposite dectrode 3 is disposed 
(FIG. 5). lb avoid parasitic gas discharges between the 
didectric tube 5 and the gas source 26 it is necessary to 
provide in the gas admission hose 25 between the end of the 
tube and the gas source 26 a further didectric tube portion 
27 which has an iimer diameter of at most d and is metal 
coated at both end faces or has electrodes 28 at its end faces 
wherein the dectrode 28 fadng the gas source 26 is 
grounded and the other is free-floating. 

For the acceleration of ions the potential of the reservoir 
1 is ^ anode potential Because of the shidding eSect of the 
dectrons and the small movability of die ions the density of 
the plasma in the reservoir 1 at the entrance to the dielectric 
tube 5 needs to be high. For an effective withdrawal of the 
ions out of the plasma into the didectric tube 5, the 
accderadon section (up to the first auxiliary dectrode 13b, 
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see FIG. 36) needs to be short and, because of the Qnld- 
Langnuiir law, the potential must be sdected to be high. The 
auxiliary dectrode then begins to cany cuirenL The ohmic 
or inductive resistors 6 via which the auxiliary dectrodes 
13a, 136, 13c arid the cathode are inlerconiiected penmts the 
first auxiliary dectrode 13a to drifr down to anode potential. 
Then a subsequent second auxiliary electrode 136 takes over 
the build-up of an electric fidd aiKi then also this electrode 
is deactivated by a current load, a subsequent electrode 13c 
takes over; etc (see FIG. 3b). In order to keep the operating 
cross-sectioos for the recharging with ions log, the residual 
pressure must be as low as possible. In an examplary 
embodiment it was at about 0.1 

This way of accelerating ions has two advantages: Hrstly, 
the auxiliary dectrodes 13 operate like a linear accelerator, 
secondly, the ion beam leaves the didectric tube 5 in good 
paralldism. 

Tlie canal disdiarge is first of al! a simple and cost 
efficient source for high-current oriented dectton and ion 
beams by iK^nch process energy can be deposited in static or 
diflierentially pumped gases, gas mixtures and mixtures of 
gas and aerosoles. For nramplf:, by difiinential purr^mig in 
the didectric tube 5, a gas target can be created in 'viducfa the 
dectron beam is slowed down in the gas while generating 
deceleration and characteristic radiation. Aerosoles of 
unknown corrq)osition can be contnniously conducted 
through the didectric tube wherein they are toCaDy ionized 
by the dectron beam and can be identified on the basis of 
their characteristic radiation. 

By means of the partide beams, material can be irradi- 
ated, removed and worked (see FIG. 2). The removal 
process in the case of dectrons is aUation; in the case of 
ions, it is atomization inclnrtrng hot processes. 

The sputtered, ablated and atomized matfrials 33 mainly 
move away from the target 14 in a direction normal to the 
target 14 and consist, about in die order of the power density 
of the particle beam, of ions, atoms, molecules, dusters and 
aerosoles of any size wbidi are partly still exdted and carry 
excess charges. 

The target material which has been sputtered, ablated and 
v^Knized by the particle beam can be utilized for the 
inami£acture of layt^ of substrates by die Tkylormg process 
(eadi atomic layer is different), as atomic mixture (between 
otherwise incompatible materials) as compound mate- 
rial on Mgh-strengtfa fibers or similar. 

Layers of substrates can also be manufactured with 
atomic material which is released from a gaseous chemical 
compound by exposure to the partide and/or electromag- 
netic radiation. 

The hig^i-current dectron^on beams from the canal dis- 
charge form a particle source of high definition and high 
current flow and, after passing a differentially pumped 
passage, can be introduced into intermediate and Mgh 
energy accelerators. 

Hie plasma formed upon impingement of the partide 
beams onto a target is a powerful pulsed source of electro- 
magn^ radiation (light, UV, VUV, soft X-ray radiation). 

A very intense pulsed light source 37 is obtained by 
bombanling the front &ce 34 of a light conductor 35 with the 
partide beam (see FIG. 7). Hereby, a very hot plasma 36 is 
generated frtmi the light coxuhictor material providing for 
lig^ radiation winch, because of its spectral composition 
and high doisity at the point of generation, is coupled into 
the light conductor with high efficiency. 

Concurroidy with the generation of the electron beam, a 
plasma is formed in the didectric tube and microwaves are 
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generated by the interaction of the dectron beam with the 
plasma which pass through the didectric tube and exit 
there£rom in an unattemiated and undisturbed conditiQn. 

At the catbodic entrance of the dielectric tube a zone of 
very hot plasma is fc^med. If the canal discharge is used as ^ 
a process preceding a subsequent z-pindu this area can be 
magneticany compressed over an extended period and can 
be heated by ohmic {Hocedures. In dns xnaimet; it is possible 
to maintain the plasma for more dian a nncrosecoDd at a 
tcn^)eraturB of Tfe=200 eV with a primary energy of only 15 
joules. By pred^ermined omtamination with atoms of 
higher atomic number a simple plasma source of lig^ UV, 
VUV and aoit X-ray radiation up to an energy of 2 keV 
becomes available. Because of the low linear density of the 
plasma formed from die residual gas, tte line widoxing of 
the radiatiosi is also very small The effidency of the emitted 
radiaticm of between 10 eV and 2 keV is about 10%, that of 
the radiation between 700 eV and 2 keV is less than oiie part 
per ndUe (Mooo). 

The dectran beam of die canal discharge is characterized ^ 
by a high curxent in die lower kA-range with a comparably 
low accderation voltage (5-10 kV) and is suitable for die 
generation of pulsed soft beterochromatic radiation upon 
mspm^mcnt of the well-focussed dectron beam onto a 
target IMth this hetenxdnomatic radiation, biological stnic- ^ 
tuies in the micrometer range can be deleted by shadow 
formation. 

Since, at the canal accderator 11, voltage differences of 
up to 100 kV can be fwrintninpd^ die canal disdiarge is ^ 
suitable touse as an nrnnhihittng and switchable switdi for 
high voltages. For lower voltages the canal discharge may 
also be used as an impulse generator with repetition fie- 
quendes iq> to 100 kHz. 
What is dairxKd is: ^ 
L A particle accderator aocderating electrically 
diarged partides, conqirising: a pulsed plasma reservoir of 
high partide density, a didectric tubular diamber having an 
inner diameter d ami extending from said reservoir, at least 
two electrodes disposed around said tubular chamber in ^ 
spaced relationship from one another, one dectrode being 
arranged along on inside wall of said reservoir, means frir 
evacuating said didectric tubular chamber to maintain only 
a residual gas charge with a suffidendy low pressure p sudi 
that the product of the gas pressure p and the izmer diam^ ^ 
d of the didectric tube (pxd) is low enougih to avoid parasitic 
discharges in said residual gas diarge, means for flying a 
voltage to said dectrodes frir drawing said charged partides 
from said reservoir into said dielectric tubular chamber and 
for accelerating them therein so as to fonn a charged partide ^ 
beam in said dielectric tubular chamber by which the 
residual gas charge in said didectric tubular chamber is 
ionized along the inside wall thereof and polarized providing 
for wall repulsive and axis attractive farces capable of 
dectCDStatically focusing said charged partide beam exiting 
said didectric tubular chamber. 
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2. A partide accelerator according to claim 1, ^^lerein 
said didectric tubular chamber has a minimum length of 
three times its irmer diameter. 

3. A particle accderator according to daim 1, wherein, for 
maintaining the axial electrical insulation during contami- 
nation, said dielectric tubular chamber b^een said two 
dectrodes is formed by a system of didectric tube segments 
arranged in coaxial alignment and intercxHmected by dielec- 
tric bodies widi coaxially aligned internal passages having 
inner radial slots by which the flow of inner surface currents 
between said tobe segments is prevented. 

4. A partide accderator acosding to daxm 3, whoein 
said slots of the didectric bodies indude further a recess 
sudi diat a subsequent rear space following the recess is 
protected fmm contamination and sur&ce conductivity. 

5. A partide accderator accordiiig to daim 1, wherein 
near the end of said didectric tubular diamber toward the 
other dectrode, a gas supply widi a gas supply hose is 
provided through which gas can be supplied so as to flow 
toward said reservoir and toward a tecdver, in ^^uch the 
other dectrode is disposed. 

6. A partide accderator according to daim 5, wherein a 
didectric tube is disposed m said gas supply hose between 
said tubular chamber and a gas source, and, for preventing 
a parasitic gas discharge to die gas source, die didectric tube 
has an inner diameter of at most ¥i the diameter of said 
didectric tubular chamber and opposite end feces provided 
with two dectrodes c£ whidi one dectrode vriach is doser 
to said gas source is grounded and the other is free-fioating. 

7. A partide accderator according to daim 1, wherein 
said reservoir comprises a pulsed high density plasma. 

8. A partide accelerator according to claim 1, wherein 
said reservoir is maintained at an electrically high potential, 
and a didectric mbe whidi has about the same inner 
diameter and the same length as said dielectric tubular 
chamber is connected at one end to said reservoir and at the 
other end to a trigger charge source for conducting a trigger 
charge flow of low energy to the reservoir through said 
dielectric tube. 

9. A partide accderator according to claim 8, wherein 
said dielectric tube, through which the trigger charge flow of 
low energy is supplied to the reservoii; is grounded at its 
other Old by way of a resistOT such that side discharges to the 
trigger source cannot cause any damage. 

10. A partide accderator according to daim 1, wherein 
means are provided for flying locally limited magnetic 
fields to the partide beam in said didectric tubular chamber 
at predetennined locations to achieve a predetermitted 
deflecticm of the beaiiL 

IL A partide accderator according to daim 1, wherein 
the flow density of the partide beam exiting from said 
dielectric tubular chamber is controlled by varying the 
cross-section of said didectric tubular chamber 

IZ A partide accderator according to daim U, wherein 
a ring shaped auxiliary dectrode is disposed in a didectric 
wall of said tubular chand)er. 

* * * « * 
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[57] ABSTRACT 

A method of perfomung radiation therapy on a patient, 
involving ezposmg a target, nsoally a tmnor, to a ther»- 
peotic dose of higli energy electromagnetic radiation, 
preferably X-ray radiation, in the form of at least two 
non-oveiiapping microbeams of radiation, each micro- 
beam having a width of less than about 1 nullimeter. 
Targ^ tissue exposed to the microbeams receives a 
radiation dose during the espcsaic that exceeds the 
maximum dose that sncdi tissue can survive. NoiHtarget 
tissue between the microbeams receives a dose of radia- 
tion below the threshold amount of radiation that can be 
survived by the tissue, and therd)y permits the non-tar- 
get tissue to regenerate. The microbeaitts may be di- 
rected at the target from one direction, or from more 
than one direction in which case the microbeams over- 
lap within the target tissue enhancing the lethal effect of 
the irradiation while sparing the surrounding healthy 
tissue. 

44 Chums, No Drawhigs 
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b^ond recovCTy. Thetefore, the pibbabDity g( radia- 

MEraOD FOR MICROBEAM RADIATION tion-indaced coagolative necrosis in nonnai, non-tar- 

THERAPY gcted tissae is lowered, which should improve the effec- 
tiveness of clinical radiation therapy fcH- deep-seated 

This invention was made with U.S. Government 5 tumors. The use of microbeams should be of special 

support under Contract Number DEAGQ2-76CH00016 benefit for deep pulmonary, bronchial, and esophageal 

between the U.S. Dq>artmcn t of Energy and Assod- tumors, for example, where the effectiveness of ortho- 

ated Universities, Inc. The U.S. Govermnent has cer- dox radiation therapy is limited by the risk of radiation 

tain rights in the invention. pneumonitis. 

BACKGROUND OF THE INVENTION '° J^!^ ^LTT*. ^"Z,'^ ^.^^ 

delivered m a beam havmg either a areolar cross-sec- 

1. I%ld of the Inventicm tion (herein deagnated a "c^indrical" beam) 25 pxn in 
The present inventiosi is rdated to methods for per- diameter or an elongated rectangular cross^section 

forming radiation tbenpy for cancer treatment More (herein drsignatpd a "^lanar^ beam) 25 /un in width 

particularly, the inventirai rdbites to methods <^ osmg 15 were investigated 3 decades ago. Representative inves- 

arrays of small radntion beams to irradiate tumors. tigations are described by Ordy et aL, *Txnig-Tenn 

2. Background of the Related Art Pathologic and Behavioral Changes in Mice After 
Cancer continiies to be one of the foremost heahh Focal Deoteron Irradiation of the Brainy Radknkm 

proltatts. Conventional treatments such as surgery and Researdi 20, 30-42 (1963). The Ordy et aL poblkation 

chemotherapy have been extremely successful in cer- 20 describes the effects of e^)OSure to ing^ energy deo- 

tain case^ in other instanrrSt much less so. Radiaticm teron microbeams having a 9 mm xO.025 mm planar 

therapy has also exhibited &vorable results in many configuration. These beams of heavy charged particles 

cases» while £dling to be completdy satis&ctory and were used in experiments to model the neurological 

effective in all imranrrs A mnch less fiumhar altema- effects of extraterrestrial heavy ions on humans. Ordy et 

tive form of radiaticm thmqpy, known as microbeam 23 aL do not discuss the treatment of tumors by X-ray 

radiation therapy (MRl), is behig investigated to treat microbeam irradiation. 

certain tumors for which the conventional methods Damage to the gg rehr n m an^f cercbellom caused by 

have been ineffective. the deuteron microbeam, was not evident unless a very 

MRT differs from conventional radiation dkerq>y by high radiation dose was given. A ma croscopic (1 mm 

enqiloying beams of radiation that are one order of 30 diameter) 22 MeV deoteron beam that delivered about 

magnitude smaller in diamrrrr than the smallest radia- 150-300 Gray (Gy) to tiie mouse cerd>r um caused tis- 

tion beams currently in cliiikal use. The diaiKtetcr of the sue necrosis in its path. On the other hand, energies of at 

microbe ams is dependent upon the capacity of tissue least 3000 Gy to the cer^>ral cortex or 720 Gy to the 

surroonding a beam path to support the recovery of the cerebellar cortex were required to leave any peawtent 

tissue injured by the beain. It has been found that certain 35 bram damage in the path of a 22 MeV, 25- to 40-^- 

types of ceQs, notably endorhrlial cells lining blood wkle c^indrical or planar deuteron microbeam, as ob- 

vessek, have the c^ndty to migrate over mimscopic served by light microscopy iip to 9 months after irradia- 

distances , infiltrating tissue damaged by radiation and tion. Furthermore, damage was limited to cellular ne- 

redndng tissue necrosis in the beam path. In MRT, crosis. Tissue necrosis in the micrbbeam-damaged zone 

sufiBdent unirradiated or minimally irradiated micro- 40 of tiie mouse brain was ^yparently averted by r^eneia- 

scopic zones reniam in the normal tissue, tiirou^ which tion of blood vessels, even after an absorbed dose of 

tike micn)beazns pass, to allow efficient repair of irradia- 10,000 Gy or mcHe in the path of the microbeam. Any 

tionrdamaged tissue. As a result, MRT is fundamentally vascular or parenchymal c^ in the microbeam that had 

different firom other forms of raifiation thcnq;>y. been so intensely irradiated was probably destroyed. 

In conv mt ir m a l forms of radiation therapy, including 45 Cdlular neoosis caused by the de ute ro n micxobeam 

the radiosurgical tfchniqnr% enqiloying midtiple conr depended mainly on the absorbed dose rather than on 

vergent beams of gamma radiation described by Lar- the absorbed dose rate, which was varied from 2 to 

sson '*Ptotmtialitir% <rf Synchrotron Radiation in Experi- 9,000 Gys~i. 

mental and dtnical Radiation Surgery, " Acta Radioi These unprecedented dose^ect relationships in the 

7W.i^.SK>jL5^ppiL, 365, 58-^ (1983X each beam bat SO brain were attributed to the narrowness c^the beams 

least several imTKmrtm in diameter, so that the Incrfogi- and to the r^enerationoft^ood vessels in tissues within 

cal advantage of r^Md repair by migrating or prc^erat- the path of the microbeam from the microscopically 

ing e n d othcfi a l oeDs is miniroal or nonexisteiit As de- contiguous, minimaQy irradiated vasculature adjacent 

scribed in greater detail bdow, our observations of the to that patii. Presumably, minimally irradiated blood 

regeneration <^ blood vesseb following MRT indicate 55 vessels contained reservoirs of endothelium from which 

tiut endothelial cells canxKSt efficientiy regenerate dam- regenerating endothelial cells grew into the nearby, 

aged blood vessels over dtstanres on the order of thou- maximally irradiated blood vessel ^if^^m^^ as the endo- 

sands of micrometers Oun). Thus, in view of tins knowl- thehal cells of the latter segments died and diante- 

edge concerning radiation pathology of normal blood grated. 

vessels, die skilled artisan woukl optimally select mKro- 60 A microbeam tissue-sparing effect was also observed 
beams as smaD as 50 fim to 200 fan in diameter. for X-ray microbeams by Straile and Chase, in *nrhe 
The division of a radiation beam into microbeams. Use of Elongate Microbeams of X-Rays for Simulating 
and the use of a patient exposure plan that provides the Effects of Cosmic Rays on Tissues: A Study of 
non-overiapping beams in ihc tissue surrounding the Wound Healing and Hair Follicle Regeneration", /2ad!{- 
target tumor. This allows the non-target tissue to re- 65 ation Research, 18, 65--75 (1963). This publication de- 
cover from the radiation injury by migration of regener- scribes the irradiation of mouse rVtti njang a 200 kVp, 
ating endothelial cells of the small blood vessels to the 0.5 mm Cu-hl.O nmi Al-filtered X-ray source. Ab- 
areas in whidi the endothelial cells have been injured sorbed doses of about 60 Gy produced a variety of skin 
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ksiOTS when delivered in a seamkss (i^ not spatiaDy patent describes the protection erf' skin by Kmiting the 
intemq;)ted) 2 mm diameter beam. However, much less irradiation of the skm to areas between the beams, 
severe damage occmred when snnilar doses were dehv- ther^ helping to retain the skin's mt^rity. The inter- 
cred to tiie skin via a ISO fun wide microbeam. These nal efficacy of the radiation beams produced by the 
invest^ators were primarily concerned with modelling 5 Marks invention is described as relying on recoil elec- 
the effects of cosmic rays, and did not describe or sug- trans to destroy internal tomors. The Marks patent does 
gest the use of microbeams for any ther ap e uti c pm*- not describe cmverging beams or the use of micro* 
P««. beams. 

A publication by L. Leksdl, "The Sterotaxic Mediod U. S. Pat No. 4,726,046 to Nmian describes a method 
and Radiosargery of the Brain, "i4cfiaCftih<g£eo&a^ 10 and apparatns for generating a relatively smaD ^5 mm 
navia^ 102, 316-319 (19S1X describes a stereotasdc m- xa5 mm) radiation beam. Tbe Nuoan method employs 
strument suitable far cross^firing radiation treatment of a plan for i»ododng an array of radiation exposarcs by 
brain tomois. The Leksdl puWication does not describe sequentially scamnng over a prescribed area and inter- 
the use of microbeams or of multiple simuhaseous mittently deliveiittg radiation beams, but does not de- 
beams. A related poUkation by B. Larsscm entitled 15 scribe micxobeams. 

*T6tentiaHtiesofSyncfarotnmRadiati(minEjq>erinaen- U.S. Pat Na 2,139,966 to Lod)dl describes an X-iay 
tal and CBmcal Radiation SurgBry,''^cm/{a£2£D^ Then s^jparatns designed to emit a phuaHty of convergent 
PfL ^os, Si^jpL, 365, 58^ (1983X whkdi further de- X-rays for die treatment of mtemal dasordexs. The Lo- 
scrftes die stereotaxic ntethod of LdcseH In addition, ebdl ^>paratus enqiloys seventl independently mov- 
Larsscmdesciito a hem^)herical belmet*like apparatus 20 able. X-ray emitdng cathode/anode pairs, pnfeiably 
for gamma radiation oi intracnmial targets by multiple arranged radially arranggrf to produce a converging 
oonvcxging charmds Larssos does not, however, dis- array of beams. The Loebefl apparatus is described as 
cuss microbeams or any method of producing micro- c^>able of diminatmg the burning c^skin area by the 
^'^f^ ^ use of converging beanos. The Loebdl patent does not 

U.S. Pbt No. 2,638,554 to Bartow et aL describes 25 describe the use of miciobeams. 
various co llima tors for X-roys which produce a com- U.S. Piat. No. 4^92,083 to 0%ien describes a rotat- 
cally converging array of very small beams. One of the ing shutter for radiatkm beams. Hie high speed actuator 
cdhmators described by Bartow el aL is a truncated contrdKng the shutter eiinmiates transiticm time 

cone of X-ray-impermeable material cast around a r&- during which the X-ray dose is wasted. Also descdtmig 
movable ar ray of w ires. Once the wires are removed, an 30 a beam shutter is P^ No. 3,963,935 to Domiadille. 
array <rf yrtnres remains m the collimator wfakh. This shutter is described as useful for lindtmg the entry 
^Atenmoted nito a beam of X-rays, will produce a of radiation beams finranpartkdeaocekrators into irradi- 
omvergent array of very small beams. The apertures aticm rooms. Nesdier of these patents describes the use 
arc described as being in the range of 0.25 inches (6.4 of either single or arrayed microbeams for radiation 
omi) toa001 inches (25.6 ;un). Anodier lens described 35 treatment of tumors. 

by Bartow etaL is an arcuate lens assembled from pla- U.S. Pat No. 5,125,926 to Rndko et aL describes a 
nar segments into ^K^nch grooves have been cut so that system for synchronizing the pulsation of a surgical 
when assayed each of the isofocused grooves defines laser with the heartbeat of a patient undergoing laser 
an X-ray transmissive aperture. Neidier of the Bartow heart surgery. The Rndko etaL patent does not describe 
et aL co Onnato rs produces planar beams. 40 the synchrvmization of radiation beams for cancer tber- 

The Bartow et aL patent describes avoidance of ex- apy. Rudko et aL also do not describe die use of tiie 
cesave omcentration oi X-rays at any particular ^t syndncmizaticai mediod with tissues other than heart 
on the subject skin or tissues l]y virtue of the discretely tissue. Furthomoi^ Rudko et aL do not disclose the 
^xaced small beams. The Bartow et aL patent also de- synchnmization of radiation iaq>nlses with odier physi- 
scribes the rotational or translational movement of the 45 omechanical rhyduns. 

emitting device to froduce a cross-firing effect The Although odier methods and processes are known for 
Bartow et aL patent does not, however, present any radiaticm therapy, none provides a mediod for perform- 
description of a tissue ^paring effect at a microscoi»c mg radiation theory while avoiding wgnifinTit radia- 
leyd that might be attributable to the specific use oi tion-indnced damage to tissues surrounding the target 
microbeams, positicmed to produce just such an effect 50 Acoordingty, it is a purpose of the present invention 
Neither do Bartow et aL describe die use of paraDei to provkle a method for treating cancerous tumors by 
microbeamsortheefficacy of die treatment of tumors using extremdy small radiation microbeams increasing 
usmg parallel nmcrobeams widiout any converging or the prectsion and accuracy of radiaticm therapy. 
^^'^fl^S^^^ . It is also a purpose of die present invention to provide 

U.S.F^ No. 4,827,491 to Barish also describes accel- 55 a medxxl of using extremely small nucrobeams of radia- 
oator b^m collimators having at least one radiation tion to unexpectedly jmduce effective radiation ther- 
transmisskm chamiri The beams produced by the Bar- apy. 

l A coll imator are generaPyoHivergent toward a prede- It is a further purpose of the present mvention to 
tcrmined target, and range in diameter from about 3 mm provideanimprovedmediodofradiatiQntherapy unez- 
to about 4 mm. The Barishccdlimators are described as 60 pectedly capable 6i avoidmg significant radiation- 
useful for the radiation treatment of intracranial to- induced damage to non-target tissueSw 
mors, but may be applied to treatment of other portions Odier purposes and advantages of the present inven- 
of the body. The Barish patent does not describe micro- tion will be more fully apparent from the ensuing disdo- 
beams or their utility. sure and appended H^wn^ 

U.S. Pat Na 2,624,013 to Marks describes a radiation 65 

barrier or collimator produdng a plurality of rdativdy SUMMARY OF THE INVENTION 

larg ^ par allel, rectai^gular beams. The beams range in These and other purposes are achieved by die present 

size firom 025 inch to 1 inch <m each ade. The Marks invention which solves the disadvantages inherent in 
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the prior art by provkltng a medxxl for performing For a better understanding of the present invention 
microbcam radiatkm therapy (MRT), a ^ledalized reference is made to the following description, the 
tecfamque related to stereotactic radiosorgery. scope of which is pointed out in the claims. 

M?T'Son'°mi^^''^rSrt^^ 5 ^^"^^^^^^^ ™ 

widths «500 pmX to irradiate a target, generally a INVENTION 
tumor. In MRT, panUd or neariy paraOd X-rays are In microbeam radiation therapy, radiation is ddiv- 
ddivcred to the target as a ^MtiaUy fractionated cied to a chmcal target, usuaOy a c an cerous tumor, as a 

micioscoi»cally s^mented) radiation field, oontaining a ^MUially fractionated field containing a number of mi- 
number of microbeams,eadiniicn>beam typically being 10 crobeams. The field (K' array ofniicrobeams is generally 
bc tw ecjLi about 20 |un and about 200 pm indde. Intersti- described with reference to the geometrical arrange* 
tial zones of rdativdy unirradiated tissue remain be- meat of the microbeams as they pass throngih an imagi- 
tween the areas of tissue through which the microbeams nary plane perpendicular to the path of the microbeams. 
pass. These unirradiated zones are typically about 50 The microbeams do not overlap unless they are at the 
Hm to about 500 pan wide, dqtending on the width of 15 target volume. AccOTdingJy, the fidd will conqnise 
microbeams and on other irradiation parameters such as areas of high radiaticni intensity correspcoding to the 
beam energy, dose, and geometry. The beam energies beam cross-sections, as well as areas throu^ which the 
can range from about 30 to several hundred keV. beams do not pass having relatively low radiation inten- 

Thc method of the present invention employs radia- sity at the interbeam spaces, 
tion fidds having any ofa variety of geometrical config- 20 MRT in accordance with the present invention may 
urations. A preferred geometrical option is to em|doy a be performed unidirectionally or from more than one 
linear array of substantially paraDd planar microbeams direction. Our recent studies have uneq>ectedly indi- 
(Le. microbe a ms having greatly dongatrd rectangular cated that multiple, paralld planar microbeams, di- 
cross-secdcms). While the narrow side of each beam rected at tumors in rat brains from only one direction 
cross^scction typically m eas ures between about 20 >un 25 can result in significant tranor growth control (see Ex- 
and about 150 ^un, the wide side may be as large as in angles 1 and 2). Altemativdy, in accordance with pre- 
ihe range of several millimeters to several centimeters. vioos studies of cross-firing <^ radiation, it is bdieved 
The bundle of microbeams can therefore include sub- that irradiation of tumors by multiple, angularly dis- 
stantially paralld, non-ov e r lap p in g, planar beams with placed, isocentric bundles of microbeams can be cfficft- 
center-to<CQter pacing of frcmi about SO >un to about 30 cious in controlling tumor growth rate (see Example 3). 
500 fun^ or converging planar beams intersecting at or In observing the known tissue ^taring of 22 Me V 
near the isocenter of the target deuteron microbeams in the mouse brain and exemplary 

Another geometrical option is a 2^dhnc3Dsiottal array Monte Carlo computations, we infinredtiiat endothelial 
of substantially para&d or converging, radially symmet- cdls in the brain which are lethaUy irradiated by any 
rical, minobeams (e-g., with circular cross-^ectionX 35 microbeam in an array of adeqnatdy ^>aced micro- 
having diameters of firom about 20 /unto about 200 fim beams outside an isocentric target are replaced by cndo- 
and oenter-to-oenter ^kacing of from about 50 to thelial cells regenerated from microscopically contigu- 
about 500 ixnL ons, minimally irradiated endothelium in intecmi- 

Irre^)ective of whether planar or cylindrical beams crobe am segments of brain vasculature. Endothelial 
are employed, the patient exposure can be performed 40 regeneration mitigates necrosis of the nontargeted pa- 
either unidirectionaDy (Le., by eiqx)sure of the target renchymal tissue. However, it is bdieved neoplastic 
using an array of microbe am s having one generd direc- and/or nonneoplastic targeted tissues at the isocenter 
tionX mdtqde directicAs allowing the beams to are so severdy depleted of potentially mitotic endothe- 

intersect at the isocentcT ^.e., the ''cross firing^ option). lid and parenchymd cdb by multiple overlapping mi- 
These options are also available independently of 45 crobeams that necrose ensues. 

whether the microbeams in any one array are paralld of Types of radiation useful for the present invention 
ccmvergent include, high energy electromagnetic radiation, such as 

A major beixfit of MRT is thai the microbeams are X-ray or gamma radiation. Most pr e fe r a bly the radia- 
so narrow that the vasculature of the tissue through tkm b X-ray radiation. In any generated photon beam, 
which the microbe am s pass can repair itself by the infil- 50 the photons are produced having a characteristic speo 
tration of endodidid cells from surrounding unir- trum of energies. The photon energy of the beams use- 
radiated tissue. Present knowledge indicates that such ful in the present invention is in the range of from about 
infiltration can take place only over distances on the 30key to about 300 keV. Most preferably, the energy of 
order of less than 500^ dq)ending on the tissue being the beam is in the range of from about 50 keV to about 
irradiated. The dimensicms of the microbeams and the 55 150 keV. 

ccmfiguration of the nakrobeam array are therefore Recendy, a synchrotron-generated X-ray beam has 
determinable with r e f erence to the susceptibility of the become available, having practically no divergence and 
target tissue and the surrounding, tissue to irradiation a very high flnence rate. These synchrotron generated 
and the capacities of the various involved tissues to X-^ys have the potentid for projecting sharply H^fiw^ 
regenerate. 60 beam edges deep in the body. This source appears to be 

Another aspect of the present invention is that the potentially useful for generating X^y microbeams for 
microbeam radiation therapy may be conducted in a radiobiology, radiotherapy, and radiosurgery, A high 
pulsed mode. The pulses nuy be synchronized with fluence rate is required to implement microbeam radia- 
cidier the cardiac or the re^nratory cycle or both. Each tion therapy (MRT) or microbeam radiosurgery since 
pulse is limited to a small time interval during the appro- 65 exposure times must be short enough (e.g., less than 
priate cyde to avoid the smearing of the extraordinarily about 1 second) to avoid the blurring of margins of the 
precise microbe am effect by movement of the tissue irradiated zones of tissue due to body or organ move- 
generated by cardiogenic and respiratory pulsatioiL ments. Sharply defined microbeam margins are made 
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posfflbkmnoidyby the high fhience rate aiul the mm Tfae^)paropriatese]ectioiiof thepaiaznetersofm^^ * 

mal divergence of die synchrotron beam, but also by the beam fidd configuration and peak dose is critical to the 

microsoopicaDy short ranges in txssoe of secondary efficacy of microbeani radiation therapy . The peak dose 

electnms (Compton scattering) generated by 50-150 along the microbeam axis and the centcr-to-center spac- 

key synchrotron X-rays. Absorbed doses to nontar- 5 ings of the microbeam envelopes must be appropriately 

geted tissues SEtoated between omcrobeams can be ki^t selected to insure sufficiently low doses to tissue present 

below the threshold for radiation damage in ttssoes both in the valleys between the microbeams. The imple- 

proxnnal and distal to the isocentric target, Lc, where mented combination of dose and configuration allows 

the nncrobeams do not overlap. These &ctors make it gfMintri>i^i cells, oligodendrocytes (m brain tissoeX and 

possiUe to effectively irradiate a targ^ using a field of 1^ perhaps some otiier cells between the microbeams to 

many wdl definrd, dosdy spaced nri crobeam s. divide and to icpopulate tissues injured or ablated by 

The radiation beam for producing the microbeam the radiation treatment Thus, unidirecticmal exposure 

array may be obtatned from industrial X-cay genexators does not permanently normal tissue, and the 

or, more prcferaWy, from synchr otr on beamHnes at transient t^mm^ to some potentially mitotic ceOs does 

dectron storage rings. Most preferably, the radiation not afiTect the orga n ism. By contrast, mnltq>le exposure 

beam is obtamedfirom a wiggkr beam Hne at an electron of the target at a cross-firing isocenter, irradiatiqg the 

storage ring. An exemplary beam source is the super- target volume without microscc^xc or macroscopic 

conducting wig^erinsertkm device oftheXlTB beam- spatial intemytion, canses irreparable damage to virtn- 

line of the National Synchrotron light Source. A con- aDy all blood vessels and other structures within the 

ventional ''planar^ wiggler uses periodic transverse ^ target tissue. Such mnttqde irradiation of the target 

magnetic fields to produce a beam of rectangular cross- results in enhartcrd thenyentic necroas of the target 

section, tyiHcally having a horoontal to vertical beam tissue. 

opening angjle ratio on the onkr of 30:1. In an ahema- Our observatioos of blood vessel r^eneration indi- 

tiveembodnnent, the radiation beam is obtained fircm a cate that endorhriial ceBs cannot efficTcntly regenerate 

**hdical'' wiggler, a oonfiguraticm cs^iable of producing damaged blood vessels over distances on tibe order of 

a substantially less anisotropk beam. thousands of micrometers (fim). In view of the known 

Synchrotron radiaticm is lineariy polarized in the radiation pathology <tf itoimal blood vessels, the skilled 
plane perpendicular to the direction of the twagiwrir^ artisan would c^>timally select microbeams as small as 
fieldsgeneratedby the wiggler. For most conventional . 50 pm to 200 pm in diameter. Therefore, microbeams 
planar wig^crs, these fields are vertical, and the polar- usdul for the present invention must have cross-sec- 
ization is therefore in the horizontal plane. Since Comp- tional configurations such that substantially all non-tar- 
ton scattering is lower in the direction of the polaiiza- get tissue within the microbeam envelope will be within 
tion vector, horizontal beam polarization reduces scat- the range of the Tnigrirting regenerating cdQs of the 
tcring between the imcraft>eams. particular tissue. As a result, pr e f er r ed miciobeams are 

By lowering the scattering incident to the beam, the regular in cross-section, having a symmetrical geome- 

beam profile remains better defined, retaining a small try. Most preferred geometries include rectangular 

penrnxOna, Le., a sharper beam mtenaty fikU-off, as it cross-sectioiis, (bilateral symmetry) as well as radially 

passes Enough tissue. The penumbra of the beam b the symmetrical cross-secttons such as drcolar or regular 

region at die periphery of the beam where the dose fells 4q polygonal cross-sections. 

rapidly as a function of increasing firom the The microbeams must have at least one cross-seo- 
center of the beam, measured perpcndtcnlatly to the tional dimension less than about 1 millimeter. Prefera- 
beam axis at a gjven position akmg l3bc beam path. The bly, this dimension is between about 10 nuaometers 
advantage of a small penumbra for X-ray fidds is that it andabontSOO nmsometos. Most preferably the appro- 
permits the protection of nearby radiation-sensitive 45 priate cross-sectional dimension is between about 20 
organs. This inotection is particularly pertinent to mkaometers and about 200 ixiicrometers. For exanq>le, 
MRT, since the extraordinarily narrow microbeams and a pr e fe r re d rectangular microbeam cross-section would 
interbeam spacing must be precisely defined to take have a short side of about 100 micrometers and another 
advantage oftheca^iacityofbrain tissue to recover over arbitrarily long side, on the order of several miTlimerers 
very small distances. In MRT, a large beam penumbra 50 to several * ^ i i M m- ^ < *f j^ In such a case the cross-section 
or shallow &ll-<^ win vitiate the biological advantage may be traversed by migrating cells at all points because 
of microscopic tissue regeneration by producing more <^ the symmetry of the rectangular cross-section and 
beam overlap within the array. the small width of the rectangle. 

Thedose&ll-offat the edge of any individual micro- Nficiobeam radiation therapy performed in accor- 
beam inside an array is preferably sharp enough at beam 55 dance with the present invention employs at least two 
energies of between about SO ke V and about 300 ke V, spatially distinct miaobeams. Preferably, many more 
and at tissue depths firom about 1 cm to about 40 f™, microbeams may be used. Generally, since a tumor is 
to resuh in large '^peak-to-vaDey*' dose ratios Q-c^ large macroscopic, having dimensions in the range of mini- 
ratios of the dose inside the geometrical envelope of a meters to centimeters, several hundred or several thon- 
single microbeam to the doses between adjacent micro- 60 sand microbeams will be employed. When a groc^ of 
beams). Such large ratios allow dose plaiming so that microbeams are directed at a target from a sin^ dkec- 
the peak dose wiU be lethal to most dividing cdls, while tion, the paths traversed by the microbeams may be 
valley doses will be low enough to aUow most normal described as a bundle. Within any bundle the micro- 
cells to survive the radiatiorL The micn^^cam envelope beams may converge or diverge, but are preferably 
is defined as the area through which a microbeam, or 65 substantially mutually paraUeL When viewed in cross- 
one or more than one microbeam pulses pass, and in section, a microbeam bundle wiU present an array of 
which tbt absorbed dose of radiation wiU be lethal to individual microbeam crossr^ections. Preferably these 
the tissue. cross secticms do not overlap. 
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The microbeam amys usefoi in the present invention The opttmom interbeam spacing in any application is 
may be linear, lectangolary or otherwise regolar in ge- also dependent upon the microbeam dose profile. KG- 
ometry. The linear array is the most preferred option crobeams having sharper dose fell-off may be spaced 
when rectangular microbeams are employed. Spedfi- more closely, while microbcams having broader pro- 
caUy, a regular linear array of idfn t^cfJ rectangular 5 files most be spaced more widely to achieve a tissue 
microbeam envelopes is preferably formed so that the sparing effect The spacing between microbeam cnvcl- 
beams are oriented with thctr long sides substantially opes is dependent upon microbeam profile. The spacsng 
parallel to one another. Preferably the microbcams in a may be determined by calculating the distance between 
Hncar anay arc oriented so that their long cross^^ec- microbeams necessary for defining a peak-to-valley 
tkmal dimension is sohstantiaDy vertical relative to 10 dose ratio that will enable the necessary regeneration of 
gravity. In the pa d rqi c d linear array, the cnvdopes in tissue. The maximmn valley dose, Lc^ the maximum 
cross-section ap p ear to stand on end in an even row, dose that can be absorbed by interbeam tissue without 
separated tyy inteibcam spaces. Such an array takes tissue n ecro s is is also dependent upon the histology of 
advantage of the inherently low sc atte r in g igodDced by the tissue being irradiated, and may be optimized em]»r- 
the horizontal beam pcdarization generated by conven- 15 ically. 

tional planar wig^er sources. The planar microbeams The intensity of radiation at any point in the plane 
preferably have a short dimension within the pt e f e u e d orthogonal to the path of a beam of X-rays» defining the 
range of microbeam widths. ik>wever, since pknar dose &Il-o(fi^ is a power fimction of the distance from 
microbeams allow tissue migration alcng this dimen- the r^t^ of the beam path. The radiation dose to tis- 
sion» die kmger dimrmion may be aibitrarOy long, on 20 sue, therefore* does not drop to badLground levels untQ 
the order of several nnUxmeteis to several centimeters. significant distances are reached. The MRT technique 

Alternatively, the array may be rectangular, or other- takes advantage of the inherent resistance of tissue to 
wise 2-dimenaonaIly regular. In a rectangular array, for radiation damage at doses sligfady above background 
example, the micrcteam envleopes may be anaikged to radiation levels. The micsobeams are positioned at cen- 
form regular columns and rows, each microbeam scpa- 25 ter-to-centcr distances such that at least some tissue 
rated from the others by regular interbeam spaces. A between the beams is exposed to a summed, absorbed 
rectangular or other 2<limen8iona] array is preferred dose^ that is less than the tissue^ssurvivafaility threshold, 
when the envelopes are circular, square, or otherwise Therefore, even though the radiation field is continuous 
sttbstantiany radkHy symnaetrical in cross-section. within the microbeam array, the radiation intensity of 

The array may be created sequentially by irradiating 30 the field is variable, and the destructive effect of the 
a target with <m or a smaU number of microbeams and field is confined to discrete regians, within the micro- 
then Dooving die patient in a rectangular translational beam envelopes. In this Tnaimgr the field is ^Mitially 
displacement and irradiating another portion of the fractiottated. As long as some tissue between the micro- 
target By a scries of hcnmmtal and vertial displace- beams receives doses bdow its snrvivaUe threshold, the 
meats a relatively large array of mi ci o b e am s may be 35 mi cr obe am envdopes in a field are not overlapping, 
created. Stereotactk; equipment having microprocessor The minimum center-to^center ai»cing is the distance 
control is presently within the t^^ww^ii skin of those at which the mi n im um dose generated within two adja- 
practicing in the art. Such equipment can manipulate a r*nt microbeam envelopes the maximum sur- 

target with great accuracy and a precision of +1 mi- vivablc dose for the tissue The preferred oenter-to-cen- 
crometer. As a result very highly regular microbeam 40 ter spacing, as a result, must be greater than the mini- 
arrays may be created, taking advantage of the very mum center-to-oenter spacing, allowing the i 



small dim en ao a s of each microbeam. A sequentially dose crested by the adjacent microbeams to M below 
produced array is de sc r ib ed in Examples 1 and Z the threshold survivable dose. 

Ahemativdy, the array may be produced simuha- To adneve maximum irradiation of tissue within the 
neously using a colfimator having any of various de- 45 microbeam field, the microbeam envek^ center-to- 
signs known in the art. Such collimators have multiple center spacing must be inintTniTfd without compromis- 
radiation transmissive apeitm e s aDowing a bundle of ing tissue ^taring. At the same time the cross^sectional 
regulady ^ttoed microbeams to be directed at a targel, dimensions of the envelopes oaust be maximized, also 
simultaneously, by spatially fracticmating a radiation without exceeding the lirnits of cellular migration diat is 
beam having macroscopic cross-sections. 50 characteristic of the tissue. As mentioned previously. 

The array must position the cnvdopes so that they do thecross-sectionalareaof an envek^ is defined as the 
not significantly overlap each other in non-target tis- r^on within which the microbeam dose intensity ex- 
sues. Smce the envdopes in any array are preferably ceeds the maximum tolerable dose of the particular 
identical to one another in cross^-section, tiie envelopes tissue. As center-to-ccnter spadi^ of the envelopes is 
must have a mini mum center-to-center spacing greater 55 decreased, beam overlap will increase, thereby increas- 
than the approp r i ate cross-sectikmal dimeniwm of any ing the minimum radiation intensity within the field, 
individual envdope. The critericm cross-sectional di- Smce this intenaty must not exceed die maximum inten- 
mension is the niinimnm width oi a micrbbeam enve- sty survivable by the tissue and since the volume of 
lope, measured orthogonally to the beam path. The tissue recdving this maximum dose must be sufficient to 
Tntfitmnm ccnter-to-oentcr ^»dng is determined along 60 allow regeneration of non-target tissues, the envelope 
the same tine used to measure the cross-sectional dimen- area must be decreased as ccntcr-to-ccntcr spacing de- 
sion. creases. It is therefore preferred that the intensity fidl- 

The microbeams are preferably spaced over intervals off of the microbeams be very steep. In part, a steep 
greater than the above-defined minimum interbeam fall-off permits the maxmium density of microbeams per 
spacing to allow the regeneration of tissue. The inter- 65 unit area of the microbeam field since there is less over- 
beam spacing may he empirically chosen to optimize lap between the microbeams. As a result, the threshold 
the radiation fidd, depending upon the histological dose of the tissue m the interbeam spaces (radiation 
nature of the tissue being irradiated. intensity minimum of the fidd) is not ex c eed e d and 



5,339,347 

11 12 

tissue sparing is sot coxiif>ioiiused even at extremely mic displacements of the target tissue resohingficom the 
jgfnfltl center-to-center spacing. relevant i^ysiamechairiral rhythms. To limit such 

The microbeam envelopes are preferably arrayed smearing the microbeam ezposore may be poised to 
paraiially, winch is ^t'^rm^ as substantially mutoaQy intersect with the appropriate tissoe segment in har- 
paralleL However» the mxcrobeams may be generated so S nxmy with the physiomechanlcal displacement of the 
as they pass toward the target, they diverge fircnn one tissoe. An electromechanical oscillating shutter or simi- 
anothcr or converge to an tsocenter. If the microibeams lar device may be used to confine the irradiation period 
are not arrayed parazially then it is preferred that the to a particalar segment of the cardiac cycle and/or the 
microbcams are ^>aced at intervals soffident to avoid re^Hratory cyde;, the osdllatinn firequency varying in 
ir rep ar able daniage to normal tissoes at any point alcmg 10 response to variatkms in die cycle fireqaency. 
tfiekpa&s. the microbeams are convergent it is pre- While MRT according to the loesent invention may 
ferred that the valley dose of the field not exceed the be performed in synchrony with a physiomcchanical 
maximum dose tolerated by the non-target tissae nntil at cycle, it is also possible to perform MRT in a poised 
or near the limits of the target vohnne. More partico- mode without regard for any physiomechanical cycle, 
lariy, the maximum tolerated dose should not be ex- IS The poises may have durations ranging from about 20 
ceeded m tissoe iHOximal or distal to the target volome. nulliseccmds to iAxm 2 seconds, depending on die e&- 
The convergent nricrc^eam envelopes should not over- ergy of the X-ray source and the dose desired to be 
1^ except witfam the targi^ votome. delivered. 

Similar considerations iqvply to the choice of angles In osiiig microbeam radiation therapy to treat brain 
when MRT s performed in the cross-firing mode in 20 or spinal cord tumors, the irradiation is most preferably 
accordance with the present invention. In the cross-fir- carried out in a poised mode. In this mode, the pulses 
ing mode, the <w gnW displacement of the microbeam are synchrcmized with the electrocardiogram. The ex- 
bundles most be sofifictent to ensure that the maximum posure is limited to a small time interval of the heart- 
tolerated dose is not exceeded in tissues proximal and beat period, to avoid the smearing of the microbeam 
distal to the target volume. By die same token, each 25 effect by pdsation cansed by the cardiogenic polsatioaa 
microbeam bundle most be angularly displaced suffi- of arteries in and near the brain or sphtsl cord. The 
dently from the others to ensure that the arrays do not portion of the cardiac cootraction cyde se le cted for 
overiap except at regions dose to or within the target poised irradiation may be assodated with minimum 
volume. velocity or minimum acce ler ation of the brain or ^nnal 

When paraHel, cylindrical 25 }ua diameter micro- 30 cord vascolatare. Based on our understanding of central 
beams are spaced at 200 ^ mtervals, cmly about 1.2% nenrom system blood ctrcolation, it is believed that the 
of the tissoe enclosed by the outer envelope of the mi- optimal irradiation poise may be at or near the T wave 
crobeam array is directly irradiated. The majority of the ofthe electrocardiogram, doring diastole. However, the 
tissoe remains unirradiated. It is more difficult, diere- cardiosyncfaronoiBpQlstttionitted not be limited to any 
fore, to adneve major geometrical irradiation coverage 35 specific portion of the cardiac cyde. An electrome- 
<^aciinkally significant target by crossfired bundles of chanical octdllatrng shutter or a oontinuoody relating 
parallel cylindrical microbeams. Thus, for MRT, arrays shutter may be used to confine the irradiation period to 
of cylindrical or other radbUysyrmn^ricalmicrobeams any desirable segment of the cardiac cyde. Either the 
would not be preferred unless the microbeams were frequency of oscillation of the shutter or the angular 
non-parallel, converging toward the target 40 vdodty of rotation of the shutter may be synchronized 

On the other hand, a bundle of paralld, 25 >im wide with electrocardiograph signals through a computer or 
planar microfbeams spaced at 200 fun center-to-center nncsoprocessor to effect the dearedpdsatkm of irnufia- 
intervals, provides much more irradiation coverage;, ix., tion. In one embodinaent, a continuous recording of the 
about 12.5%, than the array of cylindrical microbeams ekctrocardiogram linked to an analgg-to-digital con- 
described above, yet such a bundle of planar micro- 45 verier may be osed, so that the eiectrocardipgr^hvolt- 
beams is estimated to provide neariy as much tissoe age are recorded numerically in computer memory. A 
sparing. This unexpectedly beneficial resuh is doe to the compute program would then act to determine tte time 
much smaller peak-to-valley absorbed dose ratios char- of maximum vohage during the T-wave. The dectro- 
acteristic of the array of planar microbeams. mechanical shutter would open within several hun- 

Theefficacy of MRTisinpartafimctionof theex- 50 dredths of a second after the maxhnum voltage to allow 
traordinary precision of the beam spacing and the ex- one poise of microbeam radiation to the target 
traordinary narrowness of the microbeams themsdves. In all immobilized parts of die body, except in those 
ShcHild the microbeam ^ect be smeared by movement within the thorax and abdomen, the principal motions 
of the sorroondmg tissoe into the path the beams, the of tissues are synchrcHioos with the heartbeat In the 
benefit gamed by the extreme narrowness <^ the beams 55 thorax and alxknnen, however, the prindpal motions 
would be attenuated, if not vitiated. Random or inten- are syndmmous with the respiratory cycle. The 
tional macromotion of the patient wiH canse motion on method of the present inventicm, therefore, may further 
a comparativdy large scale, which can oompletdy ne- comprise the use of radiation pulses in synchrony with 
gate the tissoe sparing effect of MRT. For this reason eidier the cardiac or the re^nratory cyde, or in part 
MRT is most preferably performed in conjunction with 60 with both cydes. Synchronization would d^>end on the 
stereotactic apparatus to reduce or preferably diminate jmatrmntr. site of the target and the complex patterns of 
sodi macromoticm. However, even when the patient is physiomecbanically cyclic micromotion and macromo- 
stereotactically immotnlized other sources of tissue tionof the target Thb aspect of the present invention is 
motion remain. In particular, tissoe micromotion is in- particularly important to spare the lung fircKu radiaticm- 
duced by i^ysicHmxhanical cydes socfa as cardiac pul- 65 iiMiuced pneumonitis when irradiating a target deep in 
sation and pulmonary or respiratory cydes. MRT is the thorax, whether in the lung, the mediastinum, the 
therefore preferably performed in a pulsed mode, the thoracic paravertebral and vertebral tissues, or the heart 
pulsations of the microbeams coinciding with the rhyth- itsdf In these circumstances, the sparing effect of mi- 
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crobeaiDS may be attributable to ^nring of radiation- txssoe sqparated from adjacent direcdy irradiated, vi^ 
sensitive epithelial ceUs that Hne the alveolar air spaces, ally paralld sBccs by 200 }im center-to-ceater. 
as wen as the sparing of mdothrlial cells that line pul- Protocol B: 625 Gy incident upon a series of fcffty 
monary blood vessds. MRT nuiy, therefore* be appHca- parallel 30 fun-wide, 16 mn^-bi£^ anteroposterior head 
bk to palliative anl po8sd>ly corative radtation th£nq>y 5 slices, each directly irradiated slice s^>arated from ad>- 
of long and eso|^ttgeal cancers, which are common cent directly irrachated, virtoally parallel sHces by 100 
causes of prolonged iUness in ddcriy patients. lua ocnter-to-center. 

The following examples farther ilhistrate the present Protocol A resulted in about 70% redaction in done- 
invention. In the £xanq>ks X-ray radiation geiterated genie tomor cdl survivaL This dctennination was made 
by a wiggler beam line at a syiichrotron was collimated through counting those surviving tumor cell domes that 
♦n " i ^'<*f«fliit*r WW wnhi» * m v\ jvm Th» ftn>ii«n*tm- had an arbitrary Standard mittimam rate of grow& in 
co mpr i se s a dxcular disk of tantalum (X5 inches in diam- vitro. Protocol A also produced a twofold extensioa oi 
eter arul 0l25 inches thick that has been cut in half along the median postinadiation day of death, from 5 days for 
a diameter and fixed in a frame leaving the two halves of seven unirradiated, matched, biamrtumor-beanng con- 
the disk separated by a ^Mce of 30 /un through which trol rats, to 10 days for six irradiated tumor-bearing rats, 
the microbeam was passed. The heifi^ of the X-ray PnrtocolB resulted in about 98% reducticm of dono> 
beam was limited by a larger beam ap ci tm e so that the genie tumor ceD survivaL Protocol B also produced a 
mi cr obe am heig}it was 4 nnn. The X-ray energy was fourfold extensicm oi tiie median postinadiation day of 
filtered through a 0.2 mm thick gadohmum filter pro- death, from 5 days for the control rats, to 20 days for 
dudng a median beam energy of about 50 keV^ with ^ seven irradiated rats. Analysis of die wd^t changes in 
90% ofthe photons having energies between 30 and 130 these rats together with their post-irrariiation survival 
keV. times using the ^mocbidity index* method (Coderre et 

Planar microbeams with heights greater than 4 mm aL, Radiay Ra., 128, 177-85, 1991) of non-parametric 
were generated in the following marmer: After each ^ analysis indicated a hig^y significant (>99.5% confi- 
eiLpos u re to a single microbeam, the subject being irra- dcnoe levd) palliative effect of Protocol B even with 
diated was laterally translocated a desired distance by the small nuxnbers of rats used for the stody. More re- 
means of a micropfocessQr oontrotDed stereotactic de- markable was the 30^old extension in the lifetirrtes of 
vice. The subject was then irradiated with the micro- the three long-term surviving rats in the 100 fun groi^ 
beam producing the desired dose. The paraBd planar ^ in comparison with the 5-day median life expectancy of 
microbe am s are thereby easily produced in any desired the nntrratrri rats. Protocol B nminals, five moodis after 
rmmber with any desired center-to-center q>acing. By irradiation, showed no obvious nenrological deficits, 
vertically tramlorating the e3q)rrifnmtal subject 4 mm Indications of the radiation treatment of malignant bndn 
and irradiating at positiops identical to die first array tumor in these rats indoded loss of some fig on the ri^ 
mi cr obe am s 8 mm hi^ were produced. This vertical 33 side of the head associated with subacute blepharitis, 
translocation stq> was repeated to produce microbeams Four months after radiation, cataract in the right eye 
up to 12 mm in hcigjit was observed in all three snrvrvcHS. Also, rigjbt fron- 

tocerebrdcysticglioas was detected by magnetic reso- 

tiAAMFLJi 1 ^ : : /wt>i\ ^ «. : 



nance imaging (MRI) 68 days post-irradiation. 
^ EXAMPLE 2 



Our e]q>eriments have shown that X-ray irradiation 
of 30 fun-wide brain slices having 4-16 mm-high» rect- 
angular cross-sections with peak doses up to at least 625 Further evidence of the palliative effect of unidirec- 
Gy does little or no permanent damage to the normal tional microbeam radiadcm therapy was obtained 
rat farsin when the shoes are in multiple ( 40-80 )paralld shown by the following experimental investigation of 
planes separated at 100-200 fun center-to-centcr inter- 45 cerebral tumors in rats. 

vals. Monte Carlo confutations for an adult human Using a protocol similar to that described in Exanq>le 

head phantom (Slatkin et al , . *'Microbeam Radiation 1, 7 rats were given left frontocerebral injectioDS of 10^ 

Ther^y^,3fer2£oa/PfrFad; 19(6), (1992)) have mdicated viable 9L gjiosarcoma cdls. In this wdl established 

bow one may cxfdoit microbeams for human radiother- protocd, median survival k 20 days ±3 days. At 17.5 

^y by using a cross-fire technique with the target 50 days after implantation of the tumor, the tumor nor- 

tnmor at the cross-fire isocenter. Our.recent studies of mally has advanced to a mass of about 175 mg. 

the degree of tumor growth-inhibitiQn provided by The 7 rats rccdved irradiation according to the fol- 

multq>le, parallel, unidirectioiial microbeams urkoq^ect- lowing protocol: Each rat was irradiated in an antero- 

edly and very encouragingly resulted in long-term posterior direction usng an array of vertical {Tartar 

growth control of r>eariy half of the malignant rat brain 55 microbeams, produced sequentially. Each miciobeam 

tumofs treated with one of the two MRT protocols was 30 fun wide and 4 mm high. After each expomre, 

tested. These protocols were developed for microbeam the rat being irradiated was moved 100 /un to one side 

irradiatiroi of a standard 4 mm riiamrtrr milignant rigjrt by a microprocessor controlled stereotactic device;, 

frontocerebral rat brain tumor (9L gliosarcoma of the thereby producing 100 center-to^center spacing 

right frontal lobe 14 days after right frontocerebral 60 between microbeams. The exposures began at 4 mm to 

injection of 10* viable tumor ccUs suspended m 1 ^ of the right of the midline, proceeding to the left side of 

medram). The radiatiosi cxiq>k>ycd was X-^y radiation the animal, ending at 12 mm to the left oi the midline, 

generated at a wigs^ beam line at a synchrotron. The On completion of this series of exposures, the animal 

X-ray radiation had beam energies in the range of was devated by 4 mm and a second series of exposures 

30-130 keV. 65 was commenced proceeding from the Idt sde to the 

Protocd A: 625 Gy incident upon a series of forty right side of the animal Finally a third series of expo- 

paralkl 30^un-wide, 16 mm-high anteroposterior head sures was performed proceeding right to left after the 

slices, each narrow slice of directly irradiated head animal was raised an additional 4 mm. Therefore the 



5,339,347 

15 16 

array of microbeams pnxinced by this protocol was 16 2. The method of claim 1, wheidn said iiTadiating 

mm wide and 12 mm high. further comprises said microbeam envelope path width 

The rats were divided into two groups according to being between about 10 micrometers and about 500 

the peak dose of the microbeams in each airray. Group micrcHneters. 

I (4 rats) received microbeams having a peak dose of 5 3. The method of daim 1, wherein said irradiating 

357.5 Gy» ^A^ule Group n (3 rats) received microbeams farther comprises said microbeam envelope path width 

having a peak dose of 225 Gy. being between about 20 micrometers and about 100 

Notwithstanding the eztraordinaiily late stage of the nucrameters. 

tumor pr o gr ess i on, an unei^iected palliative effect was 4. The method of daim 1, wbex&n said irradiating 

observed as measured!^ survival of d>e rats. Rats from further comprises said microbeam envelope having a 

Qroap I esdnbited a medkn survivBl of 105 days post- rectangular cross-section. 

iiradktion, with an average survival of 9^ days. Tfab is 5. The method of daim 4» wherein a side of the rect- 

eqmvalent to a four-fdd extension of snrvivaL Rats of angular crosfr«ection is from about 20 micraneters to 

Groi^ n showed median survival of 3 days» with an about 100 micrometers. 

average survival of 63 days. Given tite stage of tmnor 6. The medtod of daim 1, ^liierein said irradiating 

piogression at tiie time oftiradiation» median surviva] is further comprises said microbeam envelope having a 

expected to be approximately 2.5 days. substantially radially symmetrical cross-section. 

wvAMPLB, 3 ^' method oi daim 6» wbaan the microbeam 

envdope has a substantially drcnlar cross-section. 

In this exan^>!et microbeam radiation therapy in a ^ 8. The method of daim 7, wherein the microbeam 

cross-firing mode was denKjnstrated by computer mod- envdope cross^secticm has a diameter of fircHn about 20 

dling the irradiation of a human bead phantom with micrcnneters to about 100 micrometera. 

X-ny sucrobeams fired from several ang^ The 9. The method of daim 1, wherein the radiaticm is 

human head phantom was a 16 cm diamftrr, 16cm high monochromadcL 

cylindrical water target, beheved to approximate the 10. The mediod of daim X wherein the radiation is 

size and density of a hmnan head target Eadi micro- generated by a synchrotron. 

beam bundle was composed of 150 substantainyparalld IL The mediod of daim IQ, wherein the radiation is 

planar miciobeams. Each microbeam was 25 lun wide generated by a wiggler insertion device, 

and 30 mm high. The oenter-to-center spaaag of the ^ 12. The method of daim 1, wherein said irradiating 

microbeams was 200 fun. Therefore the microbeam further co mp r is es generating a microbeam bundle, 

bundles bdng modelled had cross^secticHis of 3 cm X3 which has a plurality of spatially distinct microbeam 

cm. envelopes. 

Using com| Hite r codes capable of caknlating die 13. The mediod of daim 12, wherein generating the 

scatteringof dectrons and the dispersian of X-ray radi- migaYApam hn«rllg> nnmprij»g ^*»n<*rnttng a gnKyfp^^^l Ty 

ation, 8 crass^^red bundles of 100 key nucrobeams were regularly spaced array of microbeams envelopes, 

found to produce an estimated >48 Gy average ab- 14. The method of daim 13, ii^ierein the array is 

sorbeddo8eata7.5cmdeq[>targetwidi ^2.9 Gy inter- substantially linear. 

beam absorbed doses at tissue proximal and distal to the 15. The method of daim 13 wherein the array is 

target If it is accepted that the minimum threshold dose 40 2'-dimensionaL 

for irreversible morphological damage from irradiation 16. The method of daim 15 wherein the array is 

ofmatnre mammalian bram is on die order of 10 Gy, the substantially rectangular. 

2.9 Gy interbeam absorbed dose would avoid tissue 17. The method of daim 15, wherein the array is 

necrosis in non-targeted zones. substantiaUy radially symmetricaL 

Thus whUe we have described are presently the 45 18. The method daim 17, wherein the array is 

preferred embodiments of the present invention, other substantially circular. 

and further changes and modifications could be made 19. The method of daim 12, wherein the microbeam 

without departing from the scope of die invention, and envdc^;)es of said microbeam bundle have a oenter-to- 

its is intended by the inventors to daim aQ such changes center spacing of from abcHit 50 micrometers to about 

and modifications. SO 500 micrometers. 

We daim: 20. The method of daim 12, wherein the microbeam 

L A meth o d of performing radiation therapy on a bundle envelopes of said microbeam bundle have a 

patient c ompr i si ng die step of center-to-center ^)acing of from about ^ micrometexs 

irradiating a target tissue with a tfaerapeutic quantity to about 200 micrometers^ 

of high energy dcctromagnetic radiation from a ss 21. The mediod of daim 1, M^ierein the irradiating 

radiation source dirough at least two substantiaDy further co mp rises producing the microbeams simulta- 

mutuaUy paralld spatially distinct microbeam en- neonsly. 

vdopes, each envek^ describmg a padi having a 22. The method of daim 1, wherem the irradiatmg 
width less than about i millimeter, wherein the further comprises producing the microbeams in tempo- 
target tissue within the microbeam envdope re- 60 rally discrete radiation pulses. 

ceives a summed absorbed dose of radiati<ra ez- 23. The method of daim 12, wterein said irradiating 

ceeding a maximum absorbed dose survivable by further con^rises producing a plurality <^ microbeam 

the taxg^ tissue and non-target tissue between ad- bundles. 

jacent microbeam envelopes receives a summed 24. The method of daim 23, wherein the microbeam 

absorbed dose of radiation less than a minimum 65 bundles are substantially mutually paraDd. 

absorbed dose lethal to non^arget tissue thereby 25. The method of daim 24^ lA^ierein the microbeam 

permitting irradiated non-target tissue to regener- bundles are rectangularly translationally diqilaced frcnn 

ate. each other «wi substantially mutually paralleL 
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26. The method of daim 23, wherem the microbeain tiaOy synchronized with a physiomechanical cycle oi 
bundles are angularly displaced from each other and ^ patient 

sobstantiany isofocnsed and mutnaDy convcr^nt ^ narthod of claim 33, whcrtin the physiome^ 

27. The method of cUim 12, wherein said irradiating , ""^T^lf^^T^ • u, - 

. . , - t ^ ^Tr 5 35. The method of daim 33, wherem the physiome- 

fimhffcomprisesgcneratmgcachmKTObeambimdlem cyde is a puhnonary cyde. 

a smglc radiation pulse. 36. The method of daim 33, wherem the physiome- 

28. The method of daim 12, wheron said irradiating rh^mr-A\ cycle is a cardiopulmonary cyde. 

farther comprises geaertttng each micn4)eam bundle 37. The method of dann 1, whmin the radiation is 
by delivering a i^nrality of temporally discrete radia- 10 focused. 

tion pulses. ^ The method of daim 1, wherein the radiation is 

29. The method of claim 28, \*toein said phnality of ^ ^ . . . ^ • ^ 
radiation pulses irradiate the target tissue with sub^ ^The method of dann 1, wherem the target is a 

15 40. The method of daim 39, wherem the tumor is 

30. The method of cLum 28, v^ierein the radiation intracraniaL 

pulses irradiate said target tissue with rectangularly 41. The method of dahn 1, further oanqtrisingstereo- 

translationaDy di^)laoed micrbbeam envdopes. tactically imnsobthzing the patient. 

3L The method of daim 28, v^ierein the radiation 42. The method of daim 1, wherein the radiation b 

pulses have sobstantsally r^;ular durations and substan- ^ X-ray radiation , 

tially regular mtcrpnlse intervals. 43. The method of daim 42, ^aiicrem the radiation has 

32. The method of claim 31. wherein the radiation a^^jj^ within a range of from about 30 key to 
pdses have a duration of from about 20 milliseconds to 44.Themethodof daim 42, wherdn the beam mten- 
aboot 2 seconds. 25 sity is within a range of from about 50 keV to about 150 

33. The method of daim 31, wherein the radiation keV. 

pulses have durations and interpulse intervals substan- * * # * * 
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[57] ABSTRACT 

An X-ray detector f(cx obtaining tone resolved signals 
from intense pulsed X-ray sources, such as firom a fuel 
pdlet during a laser fusion process. The detector has a 
cathode which emits dectrons ^en bombarded by 
X-rays from the fud pellet The electrons are accder- 
ated by an electron accderator to relativistic vdocsties 
and impinge on a Cherenkov emitter which radiates 
light An optical system collects and focuses the radi- 
ated light onto an image converter streak camera or 
other fest photodetector to provide a trace of the light 
Intensity as a function of time. Hme resolved images of 
the fud pdlet may be produced by the detector and 
recorded by an image converter streak camera or by a 
camera using an optical Kerr cell shutter. 

42 Claims, 22 Dnmimg FIgm 
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lens <tf FIG. 2 to the rays of light cQUtted by Cbcreakov 
X4UT MTECnm WITH P100SBCX>ND TIME ndtttkm tfaefem. 

RESOLUTION FIG. 6 b a diagram of the locus of aU rays of Hgfat 

emitted by rdathristic electrons in the conical emitter 
This invcnticB rdiOes to the time rewlved detection 5 lensofilG.2atanaqgte<^toitsoirticalazi8>»^iichpass 
ofX-nysaaddiargedi^omicparticks widi particalar through a point P cm the exit surface <^ the ooi^cal 
apphcatioo to time resolved detection of X-rays emitter lens. 

emitted from tiie fbd pdkt in a noclearfnffim reactk^ FIG. 7 is a diagram of all of the rays of light leaving 
Inatascrdrivenfiisionpfoccasboththeirradiatioiiof a point P on the exit sor&x of the ocmicai emitter lens 
the fbd pellet by the laser beam and the fbsioa reaction 10 ofnG.2which wereiHodiicedbyCheicnkovemissimi 
pcodnoeX-nysii^iich, if monitored, win pravi^ m the leas at an angle ^ to its ofiiical axis. 

iafbimatioB aboat the manner in and.ooodiboas under FIG. 8 is a diagram of a lens r e fr ac tin g skewed rays of 
^^uch the beer fbsioii process occoraL When the fonon hgiht emitted from a point P on the exit surface of the 
ofdiefbd in tfiepeOetoccDiSpneatroiiSpa^iltt particles conical emitter lens <^FIG. 2 into parallel rays of h^ 
andodierfasioaiffodoctsniay alsobepcodnced wfaidi FIG. 9 is a diagram <^ an optical ekment refracting 
oooU be monitoced to provide nsefUinformatioa about skewed rays ofli^ emitted from tiie exit sorftce of the 
the manner in and fn^Mf S fin*! * under v^iicfa fusian oo- oooicalen^tterlensof FIG. 2intopaialldraysoflig|it 
curs. However, aentrou and other fusion products are FIG. 10 b a diagram of the geometric r riat i onship of 
only produced at pedc of tiie imploskm of a fnd the fuel pdlet, aperture, and cathode of die detector of 
pdlet ftiskm of the fnd occurs while X^ys are ^ FIG. X 

produced dnring.the entire imploaioa process and even FIG. 11 b a diagram t&nstrating the dififereat poa- 
fbr a time after fhsioa <^die fhd takes plaoe and the tionscrf'the wave fronts of two rajm of lig^ emitted in 
pfflft ^rg ™* HiamMgn i Mft . Uma, innpiinring of the the same plane as Cheienkov radiatiaii from two spaced 
X-nys in a laser driven fusion process b believed to apart dectroos entering the emitter lens of FIG. 2 at the 
provide informatiott on the development of instabilities same instant of time. 

m die imploding ftadpdlet, the symmetry of the im|^ FIG. 12 b a senu-sdiematic side view in section of a 
skm, the velocity and te mpeiatur e Idstory of the im- w»«Wfi^ X-ray detector embodying thb invention 
plodtngsheOof the fuel peOet, and the temperature and mounted <m a fuiooiieactor chamber and having ntulti- 
dottity of die frid in the peiSet at peak coqipressian. pie conical kos Chercnkov light emitters. 

The monitoring of X-cays b believed to provide thb FIG. 13 b a cross sectimal view on line 13—13 oi 
useful mformation even if fusion does not occur and, FIG. 12 showing an end view oi the array <^ mnltqile 
hence, y^hta no neutrons or odier fusion products are conical lens emitters of the X-ny detector of FIG. IX 
produced or when the number of neutrons produced b FIG. 14 b a view of the entrance slit of an image 
too for obtainiDg usdnl infimnatioo from die 3 j converter camera of die X-ny d ete ct or of FIG. 12 
monitoriiig dierecll In order to analyK the various showing the lig)it focused in a ftoality ci vpo^ at die 
stages or steps of thb laser fhsion process, a detector slit 

device must have a tune resolution on die cffder of ten FIG. 15 b a dsagram of an optical system for varying 
ptrotrw^ or kas sfaice the burst of X-iays from the the path hagdn of diffemt beams of light produced by 
fbelpdlet at peak codqxessiOD. during li^nch time ther- 40 the X-ray detector of FIG. 12 m order to record a 
monnclearbunioccur8,bonly expected to last cm the longer interval of X-4ay emisaon from the fud pellet 
order of ten picoaeconds to a few tens of p icoaec on ds. while retaining the same time reaotntioii. 

Objects of dus invention are to provide an X-ny HG. 16 b a setni-schematk: side view in section of a 
drtPTtw having a &st coongb r f tp CTttf time to enable modifieri X-ray detector embodying thb invention pro- 
tmiereaolutionof the quantity of X-«ys produced by a 43 dndng time reserved images of a fuel pellet emitting 
laser driven fusion reaction process, determine the tern- X-nys. 

per^nra and compression <d the fud pellet at various FIG. 17 b a diagram of rays of light emitted as Che- 
stages of the laser funon process, and photograph time renkov radiation in a conical emitter prism, 
reserved hnages of the fud pellet and itoma during the FIG. 18 b a dbgram of the locus of all the rays of 
laser fusion process. SO Ugiit leaving a pcmtt P on the reflecting surface of a 

These and oUier objects, fditures and advantages of cookal prism whidi were iHoduced by Cherenkov 
dib inveotioii will be apparent from the fcrflowing de- radiation in the prism at an angle ^ to its optical axis, 
scription, appended datms and accompanying drawings FIG. 19 b a diagram of an optical element refracting 
iawhidi: the skewed rays of hfi^ emitted from the exit snrftce of 

FIG. 1 b a Mock diagram of an X-ray detectCH' em- 35 the conical emitter prism of FIG. 17 into paralld rays of 
bodying thb invention. light 

no. 2basemi-schematicside viewinseiBticmof an FIG. 20 b a diagram of an optical system udHzing 
X-ray detector embodying thb invention mountfd on a conical mirrors to collect rays of light from a dun slab 
fusion reactor chamber and having a cbnicd lens Che- conical frustrum Cherenkov emitter, 
renkov H ght emitter. 60 FIG. 21 b a diagrun of an optical system with a 

nG.3badiagramof Cherenkov embstoo of a ami- douUe reflecting nurror and lens system for recon- 
cal wave front of li^t by a rdativistic deictrcm passing strncting an image of a fud peOet from die rays erf ligjit 
through a transpttcnt materiaL emitted by a fiber optic plate Cherenkov emitter and 

FIG. 4b a diagram of rays of li^t emitted as Cheren- focusing the image <m the entrance slit of an image 
kov radiation in a oonicd emitter lens of the X*ray 63 converter camera. 

detector of FIG. X FIG. 22 b a perspective view <rf one of the opticd 

IlG. .5b adiagramof the^geoinetiicrd^^ fi|)ers of the fiber optic plate Oierenkov emitter of FIG. 

diepath erf a relatiVi^ deknm in the conscd emitter 21: 
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. operated in the streak mode, this tiva of dectrons is 

DESCRIPTION OF SINGLE SPOT INTENSITY 3 fluorescent screen to produce a trace of 

DETECTOR jjgj^ as a fonctkm of time. The intend of this trace of 

Referring in more detaO to the drawing3» FIG. 1 ti£^t is proporticmal to the intensity of the light focused 

illustrates a block diagram an X-ray detector 10 em- S on entrance slit 44. An image intensifier is used with 

bodying this invention in which X-rays t^^nitt^ Crom an camera 45 to amplify or increase the intensity of the 

irradiated fnd pdlet 12 strike a metallic cathode 14 trace of light produced by camera 45 so that such trace 

caoang dectixHis to be emitted therefrom m accordance of li^t can be recorded on sensitive i^iotographicfifan. 

with the wdl-knowtt photoefectric effect The emitted Other eiampks of pbotodetectors which it is believed 

electrons are accelerated to a velocity ^ipfoaching the 10 may be used to detect the ligjit pmittfd firom picosecond 

speed of light in a vacuum by an electron accelerator 16 X-ray detector 10^ are cameras using critical Kerr cell 

and enter a Cfaerenkov emitter 18 whicfa emits tight, a shutters actuated by picosecond laser poises such as 

sizable fiacticm of whkh is in the visible and near ultrar those devdoped by NL A. Dugay and J. W. Hansen at 

violet part oi the spectrum. In a so-called Cherenkov Bell Tdephone Laboratories utd described in Applied 

emitter, if a charged atomic particle, soch as an dec- 15 Physics Letters 15. 192 (1969) and (ncosecond photo- 

tnm, moves through a trai^parent solid or liquid me- cathode ray tubes such as those developed by C Lotz 

dium with a vdodty greater than the velocity (flight in and G. Oemmt at the LabcHatories d'Electroniqne et 

then^um. nearby atoms ctf the medhnn are momen- de Physique Api^kpiee. and described in the May. 1974 

tarily dectrically polarized which disturbs the dectric issue of dectio Optical Systenn Design. AD of these 

fidd of such attuns. thereby producing a.transient di- 20 photodetectors are believed to have a rrsponse time of 

pole moment which causes wnkriftn of electromagnetic less than fifty picoseconds and are believed to be ca^ 

wavesoflight Uec^arespcmse time on die order often picoseconds or 

The light hxxm the Cherenkov emitter 18 is collected less. These re^xmse times are needed to detect the 

and focused by a suitable optical system 20 onto a pbo- quaiitityasafnnctioiiofttmeoftheX-rayspcodDcedby 

todetectCM' 22 with a rspd re^xmse time. A trace of the 25 a laser driven fusion reaction or to record time resolved 

intensity of the li^ as a function of time and. hence. images ci the fud pdlet and plasma during the laser 

tbemagnitodeof the X-ray emission from fbdpeHet 12 fb^on process. 

as a function of time, may be produced by a photodeteo- Cathode 34 is a thin layer of a material with ahigli 

tor such as an image co nv erter streak cam era. Opticd atomic number. Z. such as titanium* nickd. tin or gold 

system 20 may also be designed to recCTStruct an image 30 deposited on the Cace of accelerator plate 30 &rthest 

ofthe pellet wfakxh may be recorded by a suitable photo- from fud pellet 12. By sdectmg different high Z materi- 

detector with a &st opticd reqionse time to pftrvtde a ab with dilTe r ent X-ray K edges for the cathodft, the 

time and space resolved record of the image of the fud detector may be made rcspcmsive to different portions 

pdlet during various stages of the laser ftnimi process. ci the sp ec trum <^ X-rays emitted from fud pdlet 12. 

FIG. 2 illustrates an X-ray detector lO' embodying 35 The quantity oS dectrcms produced by the cathode 34 
this invention mounted aa a laser fusion reactor cfaam- may be maximized for a given X-ray spectral distribu- 
ber 24 with a fud pellet 12 therein. X-rays emitted by ticm by sdectioQ of the appropriate materid for the 
fuel pellet 12 pass through a vacuum port or exit aper- cathode and the thickness thereof Selective spectral 
ture 26 in reactor chamber 24 and mto detector W sensitivity can also be achieved by coating die cathode 
through an X-ray transmittmg iq>ertnre and window 28 40 with a smg^ hi^ atomic number material such as gold 
separating the low vacuum of the target ^^ImwiImt fitom and placing thin aftftnuathig filters (tf various materials 
the hi^ vacuum ofthe X-ray d^ector. The X-rays pass in frtntt of window 2& Altemativdy, sdective filter 
through one plate 30 of a paralld plate cqtadtoracxd- pairs could be made by filtering the inoomirig signd 
erator 32 and impinge on a cathotte 34 whicfa emits with one absorber and sderting the deposited cathode 
dectrons. The electrons emitted from cathode 34 are 45 materid to preferentially absorb a rtarrow spectrd baiid 
accelerated between plates 30 and 36 of the paralld oi the filtered signd entering the detector, 
plate capacitor wluch is supplied with a high potentid In detector W, window 28> cathode 34^ paralld 
by either a poised high voltage source such as a Marx plates 30 md 36 of capacitor 32, conicd emitter lens 3S, 
generator or by a direct current hig^ voltage power converging lens 40, and window 42 are mounted in an 
suf^ly. The dectrons accelerated by paralld plate ca- 50 elongate tubular housing 48 of a materid such as stain- 
padtor 32 pass throu^ plate 36 thereof and booibard a less sted on a common ans 50 which is coincident with 
Cherenkov emitter m the form c^a conicd lens 38. A fud pdlet 12. wmdow 42 is mounted in a ring 52 fixed 
fraction of the light from conical emitter lens 38 is col- to the flange end of tubular boosing 48 and opticd de- 
lected and ^i*t<»rt as substantially paralld rays by a lens ments 38 and 40 are mnnnteri in rings 54 and 56 received 
40 and passes from detector 10^ througli a phme window 55 in the tubular housing. The paralld plate 30 of capadtor 
4Z The light from detector lO' passes througih a pinhde 32 is fixed to a ring 58 received in an annular carrier 
spatid filter 43 which removes nonporalld components plate 60 mounted in tubular boosing 48 and X-ray win- 
of the light and is collected and focused to a spat at the dow 28 is mounted on a carrier ring 62 received m the 
entrance dit 44 of an image converter camera 45 by an housing. The opticd components and carrier rings may 
opticd focu^ng system represented by converging lens 60 be mounted on manipulator stages in order to facilitate 
46. rater 43 is opticmd for a single spot detector since alignment of the opticd sy^em. 
entrance slit 44 removes iK>nparaIld rays vtiiich extend Wiiidow 28 arid plate 30 of capacitor 32 may be rnade 
generally perpendicular to the longttudind length of of a beryllium foil having a thickness on the order of 
the slit so that such nonparaOd rays do not reach cam- one to a few thousandths of an inch. I^ate 36 of capad- 
era 45. 65 tor 32 may be a thin layer of a conductive material of 

Light passing through entrance slit 44 impinges on a the order of 1000 angstroms or more deposited directly 

cathode of image converter camera 45 and causes the on the face of conicd emitter lens 38 and carrier plate 

cathode to emit a flux of dectrons. When camera 45 is 54. A high potentid V may be applied to plate 30 of 
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capachor 32 throag^ ring 58 with carrier plate 60 being plane defined by the axis of the conica] lens and any 

made of an insulating . material and opiate 36 being radius vector ofa cross secticw of the lens perpendicular 

grounded through carrier ring 54. Alternatively^ in to the optical axis wiU be refracted by exit saxfasx 92 

order to decrease the voltage drop between capacitor into parallel rays 84 of light The half angle ^ may be 

plate 30 and tubular housing 48, thereby minimizmg the s determined from the following relations obtamed from 

diance of breakdown between the houang and the pjQ 5. 

capacitor plate, both carrier rings 60 and 54 may be 

made of an insulating material and half of the total po- 0/+^=^7/2 

tential V of oppposite polarity may be ^plied to each sin ei»o sb 6^ 

plate 30 and 36. For examine, a potei^ of — V/2 10 sm Or^^^w/i 

could be applied to plate 30 and a potential of + V/2 

applied to i^ate 36. from which the following is obtained: 

Cnthode 34, parallel plate capacitor 32 and Cheren- 

kov emitter 38 operate in a hi^ily evacuated chamber „ e + a,aiKi 

66 defined by the oooperatioa <rf tubular housing 48, 15 ' (fl + sipflcoaOr-*- cosesing,, 

light window 42, and X-ray window 28. The various — — ^ Sl> * 

portions of chand)er 66 are interconnected by passages 

68 thiougji carrier rings 54, 56, and 60. Berylfium X-ray frOTi which may be obtained: 
wiuiow 28 separates r'hmh^ 66 of detector 10* from 
the less highly evacuated reactor chamber 24 (about 20 

10-»tofr vs. 10-5 torr). SSncc beryllium window 28 <«°^^= *^^9 '" tnfe + A) ' 
must be made thin enough to permit X-ray e miss i on 

^t^^^'^^'t^^!^^^ Fnnn equation 2 the foUowmg expression for the half 

ture if diamber 24 were subjected to atmoq^ienc presr r«r t*.^ ,^^1 ^ ^JtJZ^ Tst ««« 

suie while chamber 66 was evacuated, such as who^ 

reactor chamber 24 is opened to the atnx)S{tere. To ac"vea. 

prevent such rupture oi window 28, a gate valve 70 

with an atmoe^ieric sup poi ti ng plate 72 may be tm » ' 7 ' 

mounted cm bousing 48 between reactor chamber 24 mmi9 

and ber^linm window 28. In the open positioa of valve ^ „ . ^ .t. • ^ e ^ 

7a plate 72 is ict»cted so that X-iays can pass through ^ * ^ ^ '^JlJ^jLjf'^ 

window 28 and, m the dosed position, phite 72 seals ""^^'P^ ^""'j;^^^^^^'^ * 

chamber 66 and bcryDmrn window 28 from commum- vdoaty ^=0.89 the half ang^e 0 at which Chercnkov 

catbn with reactor dsaad)er24vthefd>y preventing the radiaticm is emitted is 32.r and the half angle <^ fa 9.73\ 

window 28 from being subjected to the pressure within llie frnstoconical surface 86 emitter lens 38 also has 

chamber 24. A bypass valve 74 enables both faces of a half angle 0 as shown in FIG. 4. 

whKlow 28 to communicate with chamber 66 when gate As shown in FIG. 6^ since hgjit produced by Cheren- 

valve 70 is doaed, therriyy preventing window 28 from kov radiation fa emitted in a ctme of half angle the 

being ffbjr*^'ry to a pie a sme differentiaL locus of all points on the surface of entrance end 76 of 

Chamber 66 fa initially evacuated with gate valve 70 the conical lens that emit rays which are refracted at a 

dosed and bypass valve 74 open and, \^en fully evaco- pcunt P on conical surface ^ of the lens fa the circular 

ated, bypass valve 74 fa dosed. After chamber 24 has arc 88 which fa the intersection of the surfisce of en- 

also been evacuated gate valve 70 fa (q>ened to permit tranceend76 with a right circular cone 90 of half angle 

X-rays emitted from fud pellet 12 to pass through de- <^ with its vertex at pcnnt P. Only one pcmat of thfadrcu- 

tector W and inqxnge on cathode emitter 34. When lar arc 88 will lie m a ^pHanc defined by the axfa of the 

X-ray detector 10* fa in operatioo bypass valve 74 wiU codc and point P; and thus, only a small portion ds of 

always be dosed. Housing 48 of detector W may also arc 88 wiD emit light that wiU emerge from pdnt P as 

have several ports therein (not shown) which are used paralld rays 84 of light Rays of light emitted on dico- 

for dectrical feed tfaroughs, vacuum pnminng» align- ]^ gg from other than segment ds will emerge from 

ment of optical dements, and adjustment of the distance ocmical sur&ce 82 at point F m an an^ greater than 0/ 

between plates 30 and 36 of paraDd plate capodtor 32. and will be directed as shown in FIG. 7 m an arc 92 

AsshowninFIG.3, whenandectronaccderatedby which fa concave toward the <^)ticd axfa of lens 38. 

capacitor 32 to a rdativfatk: velocity passes into conicd ^ gj,^^ pjQ ^ P <m the 

lens 38 teoughentn^ end 76, fight rays 78 are ^^^^^ 82 of lens 38. aU of the emitted fight. 
tedbyCherenfaw^raA^ 55 induding the diverging rays, could be coDcctcd and 

SiffSL^ convertoi into pai5ld rays of light by an ordinary 

the KHlowmg expression: convex lens 94 positioned so that its focal point fa coin- 

Om e^i/fin (1) ctdent with point P and the ray 84 paralld to the optic 

axfa win pass through the center of the lens^ Since the 
^li^ 60 rays of fight emerging from pdnt P lie on a well-defined 

fi—y/c arc 92, it fa only necessary to have a small s^ment of a 

n=the index ofrefractioncrf'tfaetran^jarent material lens to focus the fi^t from point P and, therefore, entire 

v=the vdodty of the electron in the transparent 1^ ^ fa urmecessary. Tfafa fa true for any other point 

matf^l, and on a cirde 97 of constant radius on the conical suorfiEfcce 
c=the speed (^fi^t in a vacuum. As shown m FIG. 65 82 of lens 38. Therefore, as shown in FIG. 9, coUector 

4,thehalfan^^ of the conicd exit surface 82 of lens lens 40 of device 10* has a plane surface 96 through 

38 fa chosen so that those fight rays 78 which are emit- which paralld rays 84 pass and a smooth sor&ce 98 

ted at an angle B relative to the optical axfa and m a having the desired curvature to collect diverging fight 
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rays fnmiaUofthe segments oftlie arc SK2 for each point Although Uberatkm of ekctnms m cathode 34 by 
P such that a larger fraction of the total light produced X-rays is essentially instantaneous relative to a picoseo- 
as Qkeienkov radiaticm in kns 38 emerges from lens 40 (md, a finite time is required for liberated dectrons to 
m parallel rays 84 of Kght Lens 40 may have a diameter travel through and leave the thm layer of cathode mate- 
many tunes larger than emitter lens 38 in order to effi- 5 rial Electnms liberated at the surface of the layer win 
dently collect the diverging light rays. begin to be accderated socmer than dectrons liberated 
Conical emitter 38 and collector lens 40 will not con- from deeper inside the layer which must first escape 
vert an of the light emitted as Cherenkov radiation hito from inside the layer before they can be accderated. 
paraUd rays of light Light emitted by dectrons which The degradation of the tone respcmse due to this effect 
have undorgooe scattering in the emitter win not be 10 should be less than one picosecond, 
collected. Also» since the light emitted in lens 38 is not The time resohition of detector lO' is also degraded 
monochromatic difieient wavdeogths of the light wiU by the ^»ead m the axial compoDent of the initial vdoo- 
be emitted and refracted at slightly different angles and* ity of the elections ejected from cathode 34. The initial 
thus» only light within a narrow range of wavdengths ^>read in the axial component of the electron vdocity 
win be converted into paralld rays of light by emitter 1^ produces a spread in time of arrival of the dectrcms at 
leiB 38 and collector lens 40. Furthermore, since the the Oierenkov emitter lens 38 for dectrons emitted at 
emitted li^t emerges from a band rather than a circle the same instant of time from cathode 34^ therd>y dfr- 
cm surface 82 of lens 38» only part <^ the skewed rays grading the time resohition of the x-ray signal This 
produced by n^d^frtr^ electrons and within the range d^jadation is equal to the difRercnce in transit time 
of wavdengths for which the lenses 38 and 40 were 20 between paralld plates 30 and 36 of the paralld plate 
ft<igtgnpH^ win be converted into paralld rays of light accelerator 32 for dectrons emitted from cathode 34 
Neverthdess, by designing conical lens 38 to emit a with the highest initial axial vdodty and zero initial 
parand beam of light at the wavelength of maximum axial vdocity. In order to minimiTy this diETercnoe in 
radiation intensity and designing ooUector lens 40 to transit time and, hence» the degradation in reqxmse time 
provide maximum fhix in the paralld beam, a reason- ^ due to the spread in initial dectron axial velocities, the 
able fraction of the lig^t emitted by Cherenkov radia- dectric fidd acceleratmg the dectrons should be as 
tion can be coOected and focused with sufficient tnten- large as possible, 

sity on image converter camera 45. Light rays of other The d^radaticm of die response time due to the 

wavdengths ^^lich are not deflected into paraUd rays spread in initkd dectron axial vdodties can be calcu- 
by lenses 38 and 40 win be exduded either by entrance ^ lated from the rdativistic equations of motion. The 

slit 44 or by pinhole spatial filter 43 together with en- general rdativistic formula for the aooderaticm a(t) of a 

trance slit 44. It is bdieved the parametera discussed partideof rest mass Mo and charge q in a uniform dec- 

herein win enable perscMis skitted in the art to deagn trie field E is given by 
satis&ctory conicd emitters 38 and collector lenses 40 

for detectors 10*. - ^ i/j (6) 

DETERMINATION OF RESPONSE TIME "^[^ " ^ j 

The response time of detector W may be degraded 

by a number of difTerent phenomena and, hence, the v^bere v(t) is the particle velodty at time t and c is the 

effect of these phenomena on the re^xmse time should speed of ligbt in a vacuum. This equation can be inte- 

be considerBd in dcsjgning an optimd detector having a grated in the f(rflowing way: 
desired .re^xmse time f<x a particular portion of the 

X-ray q)ecbinn of a fttd pefiet under a particular set of g^^t a os ^ 

ccmditions. The size of the area of cathode 34 that is I — — 5^ = t 

bmnbarded by X-ray emission from fiidpeUet 12 affects Fi.ji"! * 

the response time of detector 10'. As shown in FIG. 10, L <^ J 
if fud pellet 12 is essentiaUy a point source, the distance 

Rl travded by an X-ray frcMn the frid peUet to the cen- where a (t)=dv/dt Using the boundary conditions 

ter of cathode 32 is less than the distance R2 traveled by v=Vo at t— 0, the fc^owmg e]q>ression for the transit 

an X-ray from the fud pellet to the edge of cathode 34. time is obtained 
This difference in path length, R2-R1 results in a differ- 
ence in arrival times for X-rays emitted from fud pdlet 

12 at the same instant of time which produces a degra- t = -^f 

datitm ot the response time At equal to: ^ 



A/=(«2-il|)/c (4) 



(8) 



where c is the ^;>eed of light in a vacuum. If the distance 

Ri from the fuel pdlet 12 to the cathode 34 is known where v is the axial component of the final vdodty of 
and it is required that At not exceed a maximum value 6, «> the dectron arriving at plate 36 and Vo is the axial com- 
the maximum diameter d <rf the X-ray absorbing cath- ponent of the initial dectron velocity at plate 30. The 
^ 34 ^. final vdocity of the dectron is given by the rdativistic 



formula 



d^jy/c^+lRi^^Ts/lRidi (5) 

If 6= 10- sec and Ri= 50 cm., then d= 3.46 OT. This r^-r^T^ 1 T. _ 

source of degradation is generaUy smaU compared with L + J L + 

the degradation due to other phenomena. 
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where Ejt b the ktnetic energy of the accelerated dec- distance between the points at wlticfa the Hght is emitted 

troQ upon leaving dte dectric field. is d, the dtfTerence in path lengths will be equal to: 

If the accelerating potential across plates 30 and 36 of 

accderator 32 is 600 keV and the distance between the dsm9 
plates is 6lO tnilHmetfts, the dectric fidd wiD be 10^ 5 

vdts/cm, the fin^l vdodty attained by dectrons with where 0 is the an^ at w^iich Qierenkov radiatira is 

zen>nutid velocity will be v=0L8879ct and the dectrni emitted in the mediam and 9 » defined by: 

transit time will be t=3X93 picosecond. If the greatest ow«=i/^ 

initial aiial electron vdodty is 3.9x1.0^ cm/sec, c(me- ^ ^ ^ 

spending to an initiai kmetic energy of 10 keV, the 10 wtee /3=y/c and n is the mdex of refracticn of the 

kinetic energy of die dectrons amving at plate 36 emitter. The time d^radatkn of the signal introduced 

would be 610 kcV, their maximum attained vdodty ^ » fi^^n by 
would be v=0i990c> and the electron transit time would 

be t=29.86 picoseconds. The degradation due to dec- l^^c^e. OQ) 

tnm velocity spread wodd, therefore; be 13 .. ... ^. ^. 

For a given mdex of refiracban n and a given A At can 

x=>Ki7 p *^!***^* ^ be made arbitrarily smaD by limitiiig the dimewaons of 

the entrance face of the emitter or by apertnring the 

Some dectrons with initial kinetic energies greater than X-nysignd so that the irradiated area of the cathode is 

10 keV can usually be for the X-ray q>ectrum 20 limited. If the time re^xmse is to be d^raded no more 

produced by a laser irradiated fnd pdtet 12, but these than 5 picosec on ds due to this effisct, then for n=IJ35 

dectnms are in most cases a neghgiUy smaD part of the and i3=0i99 the maximum vdoe for the diameter d of 

total dectronfhix leaving cathode 34 and their effect on the exposed area on the entrance &ce 76 of cooicd 

the nspoasc time diould be undetectable. If all of the emitter 40 is 

dectrons have initid energi e s bdow 1 keV then accd- 25 d~2S» mm. 

f*?? ^JS tr^-^ u • ^ .^^^l^r DESCRIFnON OF MULTIPLE SPOT 

tentui of 600 keV win result m a tm:ie degradation of r^mnkjcrrv r fcu i u ^ M yM* 

less than 1 picosecond. INTENSITY DETECTOR 

If a large fraction of Ae enutted dectrcms are pro- FIGS. 12 through 14 iDustrate an X-ray detector 100 
duced as the result ofseooodary collisions of photoelec- 30 embodying this invention in wfaidi like reference im- 
trons with other ckUr o m in the cathode then most of merals refer to the same components as those of dcteo- 
the dectrons leaving the cadiode may only have initid tor 10*. DetectcH- 100. has seven cathodes 34' eadi <d 
kinetic qier gi es of the order of 10 eV or less. Under which may be of a different or material or 

these ooodittons for a p o tenti ri drop of 600 keV a time both* thereby pemuttiog detection of various segments 
resolution of 1 p icosec o nd could be achieved with an 35 of the qwctrum of X-cays emitted from target 12 as a 
dectric fidd of only 10^ V/cm. Since die accelerating function of time. Ahemativdy, each cathode may con- 
potentid must remain large in order to manim i w the sist of the same liigh-Z materid and an array of X-ray 
output of Cherenkov radiation, the smaller the aocder- attenuation filters of various materials would be posi- 
atmg dectric fidd the greater the required distance tioned in frwit of the mnhq^ cathodes in order to 
between ttiok and cathode. If the interdectrode spao 40 achieve sdectivcspectrd sensitivity. If paralld plate 30 
mgbeoomesof the order of CM- greater than the anode of aqjacitor 32* is too large to easily be made erf a single 
and cathode diameters* then additiond annular dec- ito <rf thin fdl suppwtcd in a ting, a 8df-«nmortiiw 
^^'S2[^J!IS^[fl^2^ metdptotc with a separate hole thcrdn for eadicath- 

^ 'l^"^'^!^^^^ ffyP?^ «te34'maybeusedfaBeuofplate30.Aamdlpieceof 

^ ^^'^^^JJ^T^^f-^^S^ thm foil ccmld overlie each hrfelLltte 

whole plate with the foils fixed thereto would be pol- 
sta^ partede accderatorsand m^ for desigmng i^^ed j^e desired surface finish. Then the de^ 
such electrodes are described m Theory and Design of T_L_^ * -i^^l^ZZl^^^^ ^rr. 

Eiectron Beams by J. IL Pierce; Van^Lrand^lish. ^il^^^f^^S^ ^ """^ ^ ^ 
ing Ca (19541 50 ^^P^Mted on the thm foOs. 

In Older to reduce or dhninate the need for specially . each cathode 34' detector 100 has a corre^Kwd- 
de^gnedmtermediatedectrodesitispreferaUetooper- ^ Cherenkov emitter oonicd kns 38* and coUectCH* 
atethb detector at the highest permissible dectric fidd, lens 40' which produces seven separate beams of light 
even if the dectrott velocities are sufBdentiy low diat ^ paralld rays leaving detector 100 through exk 
die spread mdectr«mvek>ctties is not the Ihniting&ctm^ 55 wmdow 4Z The beams flight pass throo^ an array of 
in determining dft f ctof time r e sp o nse. pinhole qntid fitters 43' and are focused into a row of 

The time resoluticm of detector 10^ is also d^raded 101 at the entrance slit 44 of an image converter 

by its conicd opticd system which takes advantage of camera 45 by an array of seven iudividually adjustable 
theconicdnatureof the wave fronts of the Cherenkov lenses 46' and seven individually adjustable mirrors 106l 
radiation to convert part <rf the emitted H^t into pard- 60 When the spots of light entering slit 44 are swept by the 
Id rays. With conicd cq>ticd dements the time response image converter camera 45» they produce a series of 
b degraded prnnarily because the Cherenkov radiation tracesof light representing the intensity as a function of 
. IS emitted in lens 38 over a finite surfece area. Consider time of various segments of the qiectrum of x-rays emit- 
. two light rays emitted at the same angle at the same tune ted by fud pellet 12. The traces of Hght produced by 
and in the same plane, defined by the axis and a diameter 65 image converter camera 45 may be «mpKfi»rf or in- 
d on the fiKx 76 ofthe conicd Iras 38. As shown in FlO. creased in intensity by an image intensifier used in con- 
11, these rays wiU not be part of the same wave front junction with such camera and be recorded on. sensitive 
because they have different opticd path lengths. If the photographic film. When the exposed film is developed. 
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the density of the traces reconkd on the film may be ncwl coO 126 which, when energized, decreases the 

read on a microdensitometer. sncflTiiig oftbc nnsgc caused by the transverse compo- 

With the same camera sweep time and time resolu- nent of the velocity of the electrons. When energized, 

tkmt it is also possible to look at a knger interval of time solenoid coil 126 prodnces a magnetic fidd parallel to 

of the x-ray q^ectmm by varying the path lengths of the S the electric field or desired direction of axial accdera- 

different beams. As shown schema ticafly in FIG. 15 for tion of electrons between parallel plates 30 and 36 of 

three light beams, the path length of each light beam accelerator 3Z 

may be varied by pairs of individually adjustable mir- This magnetic 6eld decreases the transverse excur- 

rofs 108 located at different distances firom mirrors 106. sion of dectnms emitted fran cathode 34^ thereby hn- 

For example, with a suitable array of mirrors 106 and 10 proving the spatial or image resolution of detector 110. 

106, seven identica] cathodes 34', and a total camera The angle 6 at which light is emitted as Qiercnkov 

sweep time of two nanoseconds, it is possible with de* radiation within thin slab emitter 118 mnst not exceed 

tector 100 to look at a 14 nanosecond interval of x-ray the critical angle 0^ for total reflection or die emitted 

emission with |Moosecond time resolution over the en- light will not be able to pass through the exit {act 128 of 

tire 14 nanoseccmd time interval of the x-ray emissioiL 15 thm slab emitter 118. For light emergmg into a vacuum 

DESCRIPnON OF IMAGING DETECTOR the critical angle is given by: 

FIG. 16 illustrates an x-ray detector 110 embodying k° 0c= t/a (ii) 

this inventicMi which produces time resolved images of 

fudpcUet 12 wtoi it is emitting x-rays and in which like 20 yfbm n is the index of refiraction of thin slab emitter 
reference numerals refer to the same ccmipoirats as 118. The angle 0 is a functioD of the rdativistic velocity 
those of detectCM- 10*. In detector UO and X-ray nnage ^ of the electrons emitting the light as defined by equa- 
of fuel pdlet 12 is produced at cathode 34 by a grazmg tK>n 1. Therefore, with the thin slab emitter 118 the 
incidence nurror system (not shown to scale) with a rdativisdc velocity of dectrons impinging on the emit- 
hyperbdic nurror 112, an fUtraniAil minor 114v and a 25 ter mnst satisfy the requirement that: 
stop 116 shidding calbode 34 fipom direct bombardment 

by X-rays firom fnd peDet 12. Such a grazmg incidence j_ ^2 1 (12) 

mirrorsystemisdescribedby R.CChaseand J. K. SDc 1^^^ ^i^-i 

in Applied Optics 14, 20 (1975). This X-ray image may 

also be produced by other means such as a pinhole 30 For exampk, if the index of refiractioa of thin slab emit- 
apertore or a zone plate. The electrons emitted by cath- ter 118 is n^ 13 then the relativistic velocity of the 
ode 34 are accelerated by parallel plate capacitor 32 and electrons fi may nfttbff be less than 0l67 nor 
bombardaCherenkoveniitter in theformof athinslab 0.89. 

118 (rf* transparent material A finaction of the light from Equation 12impG8e8arestrictiononi3if n^— !>1 or 
thin slab emitter 118 is collected by a low f number 35 eqnivalentlyn>vT If n<\^ the total mtemal reflec- 
double reflecting system of ^herical mirrors 120 and tion does not impose any restriction on fi. For any given 
122 arranged and constructed similar to a Burch aD- maximum operating vohage for the X-ray detector a 
reflecting microsoope objectiveL A lens system which value for the index oi refoctton can be found below 
may be corrected for chromatic aberraticHis is reprc- which no upper limit will be placed on p within the 
seiUed by lens 124 which adjusts the aze and positicni of 40 range of operation of the detector. For <^mp|f^^ if 
the hnage at the entrance ^ 44 of an image converter Vmax=600 keV, then n=1.5 imposes no operational 
camera 45. restricticm doe to total internal reflection, since no at- 

Unlike detectors 10' and lOOt the optical coUectrng tainable values of fi exceed 0.89. 
and imagmg system of detector 110 docs not utilize or The maximum <H«mp»w of thin slab 118 of detector 
preservetheconicaliiatureof the wavefirontsm which 45 110 is not limited for a given time resohition by equation 
light is emitted by Cherenkov radiation. Rather the 10 arul is subject only to the much less stringent reqnire- 
optical system of detector 110 treats the Ug^t produced ments of equation 5. This is because when a ^berical 
by Cherenkov radiation as if it were emitted and propa- ccrikcting and imaging optical system is used, the rays 
gated in ^herical wavefroots of light Optical systems from all points on the facx of the emitter are not super- 
designed to propag^ light in the fotm of ^herical SO imposed m a focused spot, but are imaged so that rays 
wavefronts are heresnafker referred to as spherical opti- emitted from different points on the face of the emitter 
cal systems as opposed to conical optical systems de- are imaged at corresponding points in the tmngi* plane, 
signed to propa^le light m the form of conical wave- Becuase the rfifltnM*^ of the detects is not limited by 
fronts whk± are heretnafler referred to as conical opti- equation 10^ the total amount of light produced by a 
cal systems. While spherical optical systems cannot 55 tUn slab emitter and spherical optical collecting system 
convert Cherenkov radiation into a parallel beam of can be much greaater than for a conical emitter with the 
light or focus it to a spot, they can be utilized to recon- same time resoluticm for the same intensity of X-rays at 
struct an image from a source of Cherenkov radiation cathode 34. 

such as thin slab emitter 118. The reoonstructicm of conical wavefronts produced 

As previously noted, the spread in the axial compo- 60 by Cherenkov emission into a series of ^herical wave* 
nent of the initial vdodty of the electrons emerging fitonts by a ^herical optical collecting and tmfl ging 
from cathode 34 degrades the response time of the de- system does, however, cause an inherent degradaticHi of 
tector devices. Similarly, the existence of a transverse the response time which is independent of the diameter 
or perpendicular ccHnponoit of the velocity of the elec- of thin slab emitter 118. The time required for an deo 
trons emerging from cathode 34 d^rades the spatial or 65 tron to move a distance li through a material with an 
image resolution ofdetector 110. To improve the image index of refraction n at a constant velocity fi is 
resolution of detector 110, cathode 34 and electron ^^l\/fic During this same time At a conical wave- 
capacitor accelerator 32 may be located inside a sole- front starting from the same point as the electrcm will 
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pn^»gate a distance l2=(c/n)A/ at an angle B rdative to degradation of the time response of detector 110 result- 
the trajectory of the electron. -At the end of the time ing from the reconstruction of Cherenkov emisaon into 
interval At the ctmical wavefront of Cherenkov radia- spherical wavefironts of light should, therefore, be less 
ticxi produced by the electron can be approximated by a than 1 psec. 

band qi ^berical wavcfrcmts of thickness 5 The li^t emitted by thin slab emitter 118 may be 

imaged onto the entrance slit 44 of image converter 
6=l|-hcosfi - (13) camera 45 to produce a time resolved streak of a thin 

... . ^ . . « . . ^ slice of the target image. Detector 110 may also be used 

wl^ produces a smeanng of the signal m tmie of totake^^pshots-of the impk)8ion phase of fuel pdlct 

Z^-f" , ^ ,^ ^^10l2if used in conjunction with an electnM>ptical Kerr 

Thecle^donot,howcver.travdataco^ cen interposed between, a pair of polarizeiV^ 

^l^t^ trolled by^Jwer pube, sotlSlheK^rc^ 

diam.ThB will reduce the wklth of the banded fflberH a «»«Hu*«^av 

calwtvcfronts produced by the radiation. Abo. most of ' .^^^^^^^'^^f ^ adm^ of h^t to a camera 
the electrons i^Sl undergo scattcrmg along to 

lengtLConk»loptkadw8tcmsrejertm^^ ' vidcs an extremely fast shutter which can be opened for 

emitted by dectront which have skywed down ot on- « pwoseconds at a time to permit the photograph^ 
dergone large angle conisknB, bat kiwf number spheri- ^ ^ record images of picosecond s^ments of the 
cal optk»l systems will collect and image a large frac- hiq)to8km i^iase of the fnd pellet whkh would cnaWe 
ticmofthb Hght An iqiper limit on the time degiadatioQ detection of instabilities whidi may develop m the fuel 
produced using a thin slab emitter with a q>herkalopti- during the tmpkxsion phase of>the laser fusbn 

cal cdlecting system can be obtained by wsnming the process. 

photons which are collected are emitted at aD angles up Because the contrast ratio of an opticaJly triggered 
to 0r where sin 9e=l/n, ceD shutter is only about a fector of 1000, light 

An !itvWi»rfti>H electron whkrh enters the emitter 25 detected during the time the shatter is closed may pro- 
with an initial encfgy Ehmcc and slows down to an en- dace background noise which may reduce the resolu- 
ergy E in the wnitiM traverses a Ht at unf!^ y given by tkm of the snapshot image. If this becomes a proUem a 

fost framing camera may be used to reduce the time 
y(^=i6J9/iXfimax^^-B!^ (14) interval over which the Camera is Capable of accepting 

li^ but the <^>tEcal Kerr cell shutter b off. 
where D b the material density in mg/cm^ and y b in The light passing through the Kerr cell shutter will 
cm when the energies Emox and H are given tn hnndreds be intenafied by an image ^tfomdiit^ before being 
c^keV.Equatkxi 14 b derived using the range equation corded on photographic fifan. Scattered laser li^ frrai 
26 set forth hereinafter. The time required to travd thb laser pulse triggering the Kerr cell shutter may be 

distance can be obtamed from prevented from entering the image tntensifier by a filter 

\^iich transmits the Hgjit fran detector 100 but b 
(1?) opaque at the frequency of the laser light If the light 
fhnn detector 110 b of sufficient intensity, a series of 
picosecond snapshots of the fuel^)dlet may be taken at 
An electron with an initial vetocity^=a89 entering an 40 diffoiaat tima^ 
emitterwithanindeKofrefractkmn=1.5emitsaK^- ^^^'^^^f ^J^^ 
kovradbtionuntflitsk«vsdowntoavek>city/S=0.67. %^ "^"""T^^^^^ 
If d>e density of the medmm D 2200 mg/cSp the di^ ^ ""[^T^ ^^^^^T^JS ^^^^^^ 

tancetravded by the etectrmim slowing down will be a smcs of snyh(^ is taken, ba(^und mMse may be 
a089 cm from equation 14. The time r«iuired for the 45 subtracted from the un^^es nsmg known computer 

electron to traverse thb dbtancewiU be 3.7 psec A ray "Xti^S^^S^^^^ wni 
of Hght produced at i=0 win travd a075 cm in thb OpticaUy triggered Kerr c^ shutters will ramam 
same time interval. Hie degradation of the thneresohH open for only a few picosecomb to a few tens of 
ticHicrf the image resulting from the use of a spherical seconds. An miage converter camera wtth an nnage 
optical conectmg system win, therefore, be » mtojsifka^ be gated on for 

Its fastest frammg speed and win produce a trace during 
Ar-1.7 pMc approximately a two nanosecond interval of time at its 

fastest sweep speed. Therefore, when cameras with 
frxHU equation 13: Kerr cell shutters and image converter cameras are 

Thb b an upper limit on the inherent time degrada- 35 utilized in conjunction with X-ray detectors embodying 
tioQ resulting frtnn using a spherical optical system to thb invention, they must be triggered at precisely the 
coUect light from a slab Cherenkov emitter. In general, right time in order to record the desired event If an 
light emitted at angles cfose to 6e rdative to the optic X-ray detector embodying thb invention b utilized with 
axb will not be collected because the light rays emerg- an image converter camera to record an event in a laser 
mg from the thin slab win miss the collecting mirror 60 driven fusion process, the image converter camera can 
120. Light emitted at smaU an^es rdative to the oi^ be triggered by a sub nanosecoiKl electrical signal pro- 
axb will be blocked by the back side of mirror 122. vided by a fast photo diode monitoring the laser beam 
Also, most of the dectrons wiU iK>t penetrate the maxi- irradiating the fod target If an X-ray detector embody- 
rnum undeflectcd distance into the emitter while emit- ing thb invention b utilized in conjunction with a Ken- 
ting Qiercnkov radiation and more radiation will be 65 cell shutter, the Kerr cell may be opticaUy triggered by 
emitted at the beginning ofthedectrcm trajectory when a laser pulse picked off from the source of the laser 
3 b greatest AU of these factors tend to reduce the beam irradiating the target by a beam splitter and, if 
inherent time degradation of the detector. The actual necessary, amplified to actuate the Kerr call The pulse 
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triggering the Kerr cell can be synchronized relative to depositing a number of different K edge materials on 

the arrival of the laser beam at the target to within different areas of cathode 34. A time resolved sns^i^t 

better than a few tens of picoseconds by the two photon of the emitter using a Kerr cell shatter will show differ- 

flttorescence technique. ent regions of the cathode radiating at dififerent intensi- 

In addition to synchronization of the laser pulse for s ties. If the different K edge materials are depodted cm 

triggering a Kerr ceU shutter, the pulse must also be of thecathodcasaseriesof parallel strips and the Cheren- 

the correct duration in time. Pulses with the necessary kovagnal is focused onto the entrance slit of an image 

picosecond duration for correcdy friyering a Kerr cdl converter camera, then the regions with different cath- 

w <^ °«*tcrials wiD produce traces of different intensity 

tator. The mode k)ckedbser osc^ ,0 as a fmKrtion of time. This information can be used to 

divided by a beam splitter with onelSrti<mbring used P^^^T^^L^f ^tj^^^^^K 
to irradiate the fuel Wget and the o\to por^being 

amplifiedandnsedtotrSertheKerrcelTnieportion "^^^^ '^^I^ 

of the divided pulse used to irradiate the target may be soch as gdd and strq» of different K edge materials can 

sh^ by a device such as a pulse stacker and then ^ window 28 so that the X-rays 

amplified to provide a laser pulse having the necessary entering the detector have been q>ectrally fUtered be- 

duration and intenaty canfiguration for proper radia- ^ ^ ^ cathode 34. 

tion<^ the fnd target ^ ^ ^. ^ . .^20 DETERMINATION OF IMAGE RESOLUTION 

The mmnnnm duration of the divided portion of the 
pulse for triggering the Kerr ceJl is dependent on the Without the niagnetic field produced by solencMd cofl 
bond width of the light of the divided imlse. Trigger ^ dectrons emitted from a point on cathode 34 of 
pulses containing a very narrow spread of frequencies detector 110 with a maiiinum misread in transverse ve- 
have kmger dnraticms that trigger pulses containing a 25 l^cities of 1.9x 10^ centtmetyrs per second, whicfa cor- 
broad band (^frequencies. In accordance with the Hd- responds to a spread in initial transverse kinetic energies 
senberg uncertainty principle, tbe minimum duration in of 1 ke V, would degrade image resolution by producing 
time At of a mode locked laser trigger pulse with a on entrance surface 7^ of amicallens 38 of detector 110 
spread in energies AE of the spectral con^xments of the aspot» not a pcmit, with a radius of 6.3 10-^ centimeters, 
band width is given by: ^ asssming plates % and 36 of the electron accelerator are 

spaced ^lert 6 millimeters and an electric field of 10^ 
AEAi>h (IS) volts/centimeter. However, if sotencHdcwl 126 is ener- 

gized, the magnetic field B produced thereby would 

1^ reducetheradmsr of thismotto: 

h 18 Planers constant 

The mode locked pulse fma a source such as a YAG r^2mf/qBi=i.\6x 10- f/B (17) 

laser osdltalor is typically on tbe order of 30 picosec- 
onds fun width at half the maximum amplitude of the where: 
intensity of the pulse (FWHM). This mode locked pulse f js in centimeters 
may be adquate for triggering.a Kerr ceU shutter under v is m centimeters per second, and 
some conditions when an extremely fast time resolution ^ B is in kilogauss. 

b not required To obtaina^ p^^ ^ transverse velocity of 1.9xl0» centimeters per 

piodocmg lasc^puto with a second and a magnetic field of 30 kilogaiBs produced^ 

«>tooid coO 126 the radius of tte^^ be re- 
ana^^ duced to 73 microns. Since the distocc an electron 

ptoduceamoctelodc^^ traveb transverse to opt^ axis M^fS^ 

frequencies of laser hgjit to have a duratKm of about one ^ JlLti * • "f««u m^wt *^ » 

piSsecond which m^^beu^ mdepend^of ^em^s^e^ 

flutter. However, thb pulse may be of tooshort a dm^ ^ "'^^ toases the relative miage deg- 

tion for use in a pulse shaping network such as a pulse nidation JFor a magnificat^ 

stacker for producing a laser beam for irradiating the » dPffradation m mage resolution produced by a spot 
target Therefore, after o^g a beam flitter to i«ck off * radius of 73 microns is less than the degradation 

a suitable portion of a mode locked pulse of short dura- ^ uaag^ inherently produced by the x-ray fanaging 
tion for triggering the Keir ceB, the remaming portion ^oeaas whether it be a grazing inc ide n ce mirror, a pin- 
of the pulse may be passed through an etalon filter to ®^ * Therefore, solenoid cdl 126 may 

decrease its ^read of frequencies and therd>y suffi- 5S ^ utilized to efiTecdyely decrease d^radation of the 
ciently increase its duration so that it may be utilized by nnage by transverse component of the velocity of the 
the pulse shaping network to produce a laser beam of electrons emitted from cathode 34 of detector 110 to 
the desired duration and intensity distr&ution for irradi- ^^ss than the degradation of the image inherendy flo- 
ating the fuel target dnced by the x-ray imagmg means. 

Detector 110 can be modified to operate like a single 60 If most of the electrons emitted by cathode 34 have 
qxyt detector by removing the grazing incidence mirror energies of the order of 10 eV or below, then the maxi- 
system to expose the cathode 34 directly to X-rays from mum detectable ^nead in vdodty may be less than a 
the target nUher than producing an X-ray image at the tenth of that calculated above, ^^out a magnetic field 
cathode and by modifying lens system 124 to produce a the maximum sized spot produced would have a radius 
reduced image at the entrance slit 44 of image converter 6S of only 63 pan for the detector parameters given above, 
camera 45 which is so small that it approximates a spot and with a 30 kg magn^ic field a spot of radius 7.3 fun 
This modification of detector 110 can be used to obtain would be produced at the entrance face of emitter 118 
time resolved spectral information from the X-rays by by the electrons emitted from a point on the surface of 
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cathode 34. This meaos that if most of the emitted eleo- As shown in FIO. 21, a fiber opdc plate IM may be 

irons have energies bdow 10 eV it would be possible to used as a Cberenkov emitter with a q>berical optic 

use lower magnification lower magnrtir field collecting system in imaging detectm embodying this 

strength without reducing ±e image resc^ution below invention. The ligfat transmitted fircHn fiber optic plate 

that 6[ the x-ray imaging device whidi produced a 5 186 can be cdlected by spbenctl mirrois 120 and 122 

focused image of the target at cathode 34. and focused by a lens system 124 onto the entrance slit 

ANDOFnCAL5Y2>lliM5 thin slab conical frustum 156 because the object jrfanc is 

X-ny (tetectors embodying this mvention which 10 weD defined at the exit &ce of pbte IM. 
{bcw the emitted Cberenkov radiation to a ^t as in piate 186 has an array of a plurality isi transparent 
detectors lO' and 100 could utilize conical pnsna as fibers 188 with a higher mdei of refraction ni em b edded 
Cberenkov emitters rather than conical lenses 38. As in an opaque cladding 190 with a lower index of rcfrao- 
shown m FIG. 17» a comal emitting prism 134 will tionniso that the side wall 191 of eadi fiber b engaged 
produce paralld rays 136 of emerging Ugfat by total 15 by the cladding and the entxince and esdt fittcs 192 and 
internal reflection rather than rcfiraction. If the half i94ofeadi fiber are exposed. Since li^ is transnutted 
ang^e ^' <d conical prism 134 is equal to 0/2, nys» through fibers 188 of 186 by total internal refieo- 
emitted at aogle 0 in a plane defined by die ans of the tion, tbeie b a nuudmnm half for <3ierenkov 

conical prism and any radms vector perpendicular to «m»ifm nf Kgt»t hy iw ^ww^ m U t i w M wtwrh mn«t 
the axis and reflected at a point P in such a plane, win 20 not be exceeded if thelitis to be transuMtted tfarougli 
leave the prism paralld to the optical axis. As shown m the fibers oTthe fiber optkfdate 186. It wiD be apparent 
HG. 18, light rays 138 reflected at pomtP\i^iich were from FIG. 22 that for an undeflected eiectroo die maxi- 
not emitted in such plane diver;^ from reflecting pcmit ^ On, of a cone of ligfat which will be 

P in an arc 140 which bends away from rather than transmitted througti the fibers 188 of piate 186 is: 
toward the axis. Consequently, the curvature 142 of a 25 

suitable coUectcv lens 144 (FIG. 19) for conical prism 9^^w/l -«« 08) 

emitter 134 is det e n nin ed by the locus of an simple lens 
segments wUdi convert the diverging mm-paraDd rays where: 

emitted at each point P on a cticle 145 into parallel rays 0^ is the ■nimimum angle of ■!*rVf?w^ for total inter- 

offi8^141T|^thecdlectorlensWused witha 30 nal reflection of ligfat along Uie fiber. 

conicsl '""^♦♦^^g prism will be similar in shape to the it i i ni m u m angle $e for total internal reflection is 

collector leas 40 used with conical emitter 38. The given by: 

degradatioo of reqxxne time produced by conical priam 

cmitteis may be deterndned from equation 10. Lens 144 um 0c=nAi 

may have a diameter many times larger than emitter 134 35 

in order to efficiently cdlect the diverging rays of light wtoe: 

As shown in FIO. 20; in spot detectors the Cheren- ni is the index of refiractioo of the fiber, and 
kov radiatioii can be emitted and collected in conical n2 is the index of refractioo of the cladding, 
wavcfionts by a ibm slab conical frustum emitter 150 As previously iudinatrd, equatioa 1 defines the cone 
and a system of conical mirrota. If die index of refrao- 40 half angje 0 at ^^^nch li^ is emitted as Cberenkov 
tioonof thm slab emitter 150 a greater than V2,equa- radiationasafimctionofthe velocity of the dections in 
tion 12 l e slricts die maximum permissible electron ve- fibers 188 and die index of lefraction thereof as fcdlows: 
lodty )3 in the same way as a thin slab emitter used with 
a spherical optical system. The ligfat from thin slab ct»9=\/mifi 
emitter 150 is coDected by omical mirrofs 152 and 154 45 

whkh are arranged and designed to reflect mtoparsUd Thus, snbstitnting equations 19 and 1 iito equation 18 
rays light emitted in sbb ISO at an angle 9 idative to the d^nes the maxnnnm p er mi s sib le velyaty of mi^^ 
optical axis and in a irfane defined by the optical axis of fleeted dectron vMch will result in transnussicm in 
die slab and a radius vector perpemHcular to the axis of fibers 188 by total internal reflection by side walls 191 of 
the8Ub.Ifdiehalfang|e<tfmirrarl52is^andthelight SO the lig^ emitted therein by die dectron as: 
rays emerge 

from the exit face 156 <^ the slab at an angle 
^Lcorreqxmding to Cherenkov emission at angle 0» the 0<Um C2C9 

light emitted in such plane win be reflected into paralld _ ^ ^ ^ 

i?^if die half aaglc of conicd mirror 154 is equal to For niternally reflected hght to be traMmrtted th^^ 
A-Oi/X Light rays 158 emitted at an angle e relative 55 cxitfiicel94of fibcra WAe vdocity/>of thed^^ 
to the opdcal axis but not emitted nidiese planes win be nmst also comity with die restriction of eqnaticm 12 
reflected in ofi'-axis conical arcs as in the case <^ conical 
lenses 38 and ocmical emitter prism 134. A fraction of 

Uiese ofi'-axis rays 158 may be ccmverted into paralld ^ ^2 <_J_ 

rays 160 by a collector lens 162. The curvature of opti- 60 nj^ mi^-\ 

cal 8urfiu:e 164 ctf lens 162 is determined by the locus of 

all simple lens segments which convert the off-axis rays Therefore, if 

into paralld rays as in the case for lenses 40 and 144 and 

has a similar shape. The rays of light emerging from ni^<itz^+i (21) 

collector lens 162 may be ^tially filtered by a (Hnbole 65 

filter 43 and focused to a spot at the entrance slit 44 of equation (20) will determine the upper limit of the deo- 
an image converter camera 45 by a simple lens system tron velocity in fibers 188 of plate 186 for which Oie- 
46. renkov radiation can be transmitted; and if 
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Cfaerenkov radiation will be maxtmnzed for the dec- 
«i^>«2^+i (22) tron energies typically generated in this device. The 

^ ,^ •« . * *- . collectable Cherenkov emission is also dependent on 

equation 12 wiD drtamme Ac upper limit of the dec- the nndeflected path length of electrons in the^^^ 
tion vdoatymtte a«^^^^ of dectrons in a material is appiozimatdy 

111=1.5 and «2=1.3, the dectron vdodty is hmited IiJ «_w^^^„i *^ « j j 

byeqnation20andmaynotcw:eeda769-aiSifii,=1.7 proportional to material density and mide^ 

1 1 mZL mcreases as the atomic number of the 

and m— 1 J, equation 12 wpl detenmne the iq^)er limit a^,^~^ tIw**^^ 

of the dection vdodty ^ whidi may not exceed am Tf?^ "f*^ deowses. Th«^^ low den- 

TTie degradation ofite time resolution doe to nx^ ,0 "^r^^^T^.^^^ 
strucdon of conicd wavefionts into spherical wave^ tenakforcom^ 
fronts is the same as for a thin slab emitter if relation 22 ticm are outside the optimam raigc. 
holds. If rdaticHi 21 holds then In s|Acncal optical systems d^radatwn of the time 

resolution does not restrict the index of refiaction of the 
s = / -A>m0 emitting material for time resolution <m the order of 1 

= /i - P***^ ^'^"ter- However, the vahie of the mdex of 

relractioo of the emitter material inay place a restrictacm 
where \\ awl h arc (kfind as m equation 13 and the on the maximum value f(»- )3 for a given configoratioa. 
degradation in the time response is given by Ar=«ia/c FOT«ample,fQrthmslabemitter ISI^if n>\a theni3 
Forexample,if Ri= 1.5, 1(2=13, the density (Remitter -n ^ ^ equation 12. For a given mai imum vdue 
material ni is 2200 mg/cnP and the initial electrott ve- A ^ emitter material should be chosen with as hig)! an 
lodty ^n=a769, tiben li=a0182 cm, 12=0.0174 cm and '^odex of refiaction as possible omsistent with effident 

collectian of the emitted light by a low f number optical 
&r»ai6 pace system. Materials such as CaF2 and fiised silica are be- 

lieved to be good chokes for thm dab emitters for 
compared with a time d^radation of 1.7 psec for a thin ^ spherical optical systems. 

slab emitter with index (rf^refiacticm m. The reducticm if a fiber optic plate is used as an emitter, it may be 
in time degradatioii is achieved at the expense c^inten- necessary to specially ^nicate the plate in order to 
sity since the maxhnum permissible electron vdodty is obtam tltt desired indices of refiaction for both the 
. _ .^j.. ^ , VI ®>er8 and the dadrting. CommerdaHy avaHabie fiber 

and optauxed by the u se of known thite dmieaaioiial the fibers whk* limh the^miMibfc 

^^^^^ ■^^■''f^ embodying tion of ttefflien and the dadding which also Innit the 
this mventionihoiiU be conected by known tedmiqnes ._, "VxTu '7 .ZZT TTZZll"/ 

optical collecting systems may be conected for diro- vdopcd and are bdieved to be smteble foruse mdete> 
matic aberration over a rangcoffiequendes by known ^ thtt^mventon. The mato^ used for 
opticddedgntedmiquessothatalargerfractionofthe « tiie claddmg m any fto optic plate should if possibto be 
fight emitted by Qierenkov radiation can be focused optimally abscxbmg m the ^>ectrBl region over which 
onto the entrance sht 44 of ima^ converter camera 45 Cherenkov radiation is coOected by the optic system 
FOTcq^timum detector performance, the optical system andhaveaslowanindcxof refiaction as possiWe. If the 
as a whole must be designed to reduce dmmiaticaber- emitter is supported m a cryogenically cooled mount, it 
ration and produce maxmmm mtcmtty. This requires ^5 » bdieved a fiber optic |^ with fined silka fibers and 
the use of three dmicnskmd computer my tracing tech- <dadding of solid water (H2O) could be used. To make 
mques. CcmqNiter programs enq^kyying these tech- ^ cladding of water c^»qne, a light abscMrlnng dye 
mques are ctxnmercially available and can be used to codd be dissolved in the water. For a fiber optk: emitter 
Ofrtimize the design of the optkal system. with fused silu» fibers (ni-- 1.5) and a dadd&ig of solkl 
50 cryogenkally cooled H20(n2- 1.22) Aevahie of i3 will 

MATERIALS FOR EMnTERS AND OPTICAL be restricted to not mwe dian a82. 

COMPONENTS Since the intensity of Cherenkov radiatkm increases 

As will be shown, restrictions imposed by time reso- decreasing wavdengdi of the emitted fi^it, the 

lution in omicd emitters, total internal reflection for emitters and optical systems of the detectors could be 
thin slabs and ffi>er optics plates, and fight losses to the 35 designed to optimize the emission and cdlection of 
dadding in fiber optic plates limit the choice of materi- Cherenkov radiation in the ultraviolet portion of the 
als that can be used to ditain effident production and qiectnim. If the emitter and all lenses and windows 
coDecticni of Cherenkov radiation in the x-ray detectors used in the opticd system are made of ultraviolet trans- 
described in this disdosure. Because the intensity of mitting inaterials, the detector can then be optimized to 
Cherenkov radiation increases as the wavdength of the 60 produce shorter wavelength radiation m the ultraviolet 
emitted fight decreases, materiah used for the emitter and near dtravidet portions of the spectrum. An opti- 
and transparent dements of the optical system should be cal system designed to detect vacuum dtraviolet radia- 
good transmitters of soft ultraviolet radiation. Some of tion must be completdy contained in a vacuum system, 
the matfrrials which satisfy this requirement are the If the fast opticd detector is an image converter cam- 
fluorides, NaF, LiF, CaF2, and MgF2, and fused sifica 65 era, the phototube of the camera wodd be sealed to the 
glass. vacuum system ccmtaining the opticd system. The pho- 

. For conicd: emitters there is a range of indices of totube wodd also be specially designed with an en- 
refiaction between 1.3 and 1.5 for whk:h emission of trance window which transmits dtraviolet radiation 
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and a photocathode which is chosen to have a high charged particle due to Cherenkov radiation is given in 

sensitivity to ultraviolet radiation in the spectral region cgs units by: 
that the optical system is designed to transmit Several 
materials are iax>wn which transmit ultraviolet radia- 

tion and can be used to fabricate optical elements. Some 5 dE f. l_^ . 

of these are NaF, UP, CaFz, MgF, fused silica, and V />V / 
crystal quartz. 

Although the total quantity of light from the detector where: 

can be increased by optimizing the optical system to E=the energy radiated by Cherenkov emission 

detect radiaticm in the ultraviolet and near ultraviolet 10 zr=tbenumberof charge units of the moving particle; 

region of the q>ectrum» there are factors whid reduce which » 1 for an dectron 

the benefits to be obtained fnmi so dcHng. The imlices of e=themagnitndeof the charge of the particle vidnch 
refraction of all emitter materials increase with decreas- for an ekctron is 4.8 x IQi® statcoulombs, 
tng wavelength ofthe emitted Kgjit This means that the v=thefrBquency of the radiation, 
diameter of the fooe a conical emitter lens must be 15 Equatitm 24 defines the energy loss due to Cherenkov 
soinewhat smaller for an optical spXem which is de- emissicm of a diarged particle such as an electron f wall 
signed to transmit ultraviolet radiation than for an opti- frequencies at which Cherenkov radiation is emitted by 
cal system which is designed to operate at visible wave- ^ partide. However, only a Hmited range of frequen- 
lengths. DispersiOT also increases as wavelength de- cfcsoftheemittedlight will actually be coDected by the 
crtasawad tbc band <^frequendcs which can be effec- 20 optical system. The intensity of emitted Cherenkov 
tively corrected fi>r chromatic aberrati on nmy be nar- radiaticMi mcreases with decreaang optical wave- 
row in the dtraviolet of the ^lectrmn than at Umg^ but ultraviolet radiation may be reabsorbed m 
visible wavelengths. the emitting material and, therefore, it is not collected. 
RADIANT FLUX AND INTENSITY OF LIGHT mtensity of emitted Cherenkov radiaticm. there- 
xiw.r«i««tfi„,«wi5«t««if^«fttw.Koh#««whw^ fore, peaks in the Wue or near ultraviolet portion of the 
TteradiairtflMandrnteMty^^ spectrum dcpendmg on the emitting material used. Fur- 
by the x-ray detectors imut be thermore, the optical collecting system can only be 
™''5f2'^^S?i^^ designed tocoDectlightfromtheemitterinalim^ 
camera 45. fa geoer^ the n^tog^ o^^ range of fregueiKaes usnafly chosen near the frtquenc^^ 
^^^I^^^'^SSPir*'^^ ofpeakmt^ofthelightleavingtheemitterJBvenif 

theopticalsystemiscorrectedfordiiomaticabcriBtion, 
itstffl^ycorrectedforafiniterangeof^S 

S^^^f^nJ^i^S^^ say between the frequendes of red and blue light 

and focnsmg the hgfat from the Cherenkov Thenmnberof photons of light produced in the emit- 

TTie quantity of dectrons produced by cathode 34 ^^^^ 

K» ftw o /u*„*w;^ ^ ^ range of wavdengths from Xi to A2 m 

^ys'^e^^^'^S^s^^^ wh^ Cherenkov r^ 

appS^riate material fortbr^hodTa^^^ 

dfKrthode. TT«e appropriate mato^ 

can be determmed from ttie wdl-known relations for ^^^T^^Jli'^^^^ t photons of 

x-ray absorption as a function of x-ray energy and ^ ^""1^ % ^"""^^ 

atomic mmib« of the absorber material from the rda- * r*^?*^ ^ * with an mdex of 

tionships fcv dectron range in different materials as a rrf^ction » » ffven by: 
function of dectron energy, and frm the relations for 45 

the production and escape (^electrons from a 8ur&ce<^ 4wc' j.j 1 „ i W 

a material as a result of bombardment of the material by ^ ^.2^^ M X2 ^ 
x-rays (for exampie, see G. F. I^onne, Effects of Sec- 
ondary Electrons Scattering on Secondary Emision where Planck's constant h is 6w63x 10-27 erg seccmds. 
Yidd Curves, Journal >^ypiied Physics Vo. 44, No. 12, SO For example, an dectron moving at a constant vdodty 
page 5361, December 1973). Using these relations, cal- fi=0,99 in a transparent emitter medium with an index 
culaticms may be made by known c(m^>uter optimiza- of refraction n= 1.335 would produce by Cherenkov 
tion techniques to determine the optimum material and radiation about 17.8 photons of light per niillimeter with 
cathode thickness for a given x-ray ^lectraldistributicm. vacuum wavelengths m the range between 3,000 to 
Typical thickness for cathode 34 is cm the (Hder of a few 55 5,000 angstroms. 

ttKHwanri angstroms or less and typical optimized con- The path length 1 of an undeflected electron in an 

version efficiencies are oa the order of cme to ten per- emitter during the time the dectron emits Cherenkov 

cent depending on the spectrum of x-rays inddent on radiation may be determined from the difference be- 

the cathode. tween the maximum unddlected dectron range and the 

For a given flux of dectrons from cathode 34 the 60 undeflected electron range at which the dectron stops 

maximum number of photons of light produced by Oie- . emitting Oterenkov radiation. The maTitin im unde- 

renkov radiaticm wiD be dependent on tiie velocity of fleeted range as a function of the kinetic energy Ejfc of 

the electrons* the index of refraction of the emitter, and dectrons in materials has been measured and to a good 

the area bombarded by dectrons at the entrance end of ^iproximation is independent of the particular material 

the emitter. The theory of Qierenkov radiation by 65 through which the electron passes when the ranges are 

Frank and Tarn as set forth in Nuclear Physics by W. E. expressed in mg/cm^. An approximate formula for the 

Burcham, McGraw Ifill Publishmg Co., 1965, at pages maximum undeflected range R of an dectron as a fuiK> 

159-161 shows that the rate of energy lost by a single tion of the kinetic energy Ejtof an dectron is: 
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if eqtxatioiis 27 and 29 are substituted into equaticm 28, 
R= I6.79E*'** the number of photons N emitted per electron in a given 

frequency range dv can be expressed as: 



^ (30) 
dv 



where R b in mg/cnP and E;^ is in hundreds of keV. 
From equation 9 an e]q>ression of the kinetic energy Ek 
of the accelerated electron as a function of its vdocity 
P may be derived as: 



(27) 



The integration over the variable Ej^of equation 30 goes 
IS firom the kinetic energy of the dectron upcm initially 
fl2 = 1 _ f ^ ^ ' ^' ' entering the emitting material to the kinetic eneigy at 

\Ek-^E^ ) whidi the electron ceases emitting Cherenko v radiation 

for which p= I/il Fran equation 27 this lower energy 
where Eo is the rest mass of the electron which is 511 >evd at which the ^ctron ceases emitting Cherenkov 
l^y 20 radiation is: 

Utiliztng equations 26 and 27 and knowing the den- 
sity of the tranq[>arent material through which the dec- . . (31) 
tfon passes* the nndeflected path length 1 may be calcu- £a = [ ^ " ~ ' ] ^-^^ 
lated. For example» if NaF with an index of refraction of V No^ - i / 

1335 in the spectral r^^m of interest and a density 25 
of 2.558 g/cm^B chosen as the emitter, then C!herenkov where Ejt is in hundreds of keV*8. To c^tain the total 
radiation will be emitted for values of fi of 0.75 and number of photons (flight emitted by Cherenkov radia- 
above. If ibc velocity of an electrcm upon entering tim in the frequency range which can be detected by a 
into and moving through the emitter is reduced from photodetector such as image converter camera 45 after 
^=a89 to i3=0.75, then the ondeflected path length 1 30 the light has ps^sed througji the critical system, equa- 
of the electrons wiD be 167 mg/cni3 which for NaF is tion 30 must be int^rated over such a range of frequen- 
0.65 mm. However, most of the electrons will not tra- cies. In equation 30 the index of refraction of the emitter 
verse the entire psth length 1 without being deflected by material is not assuint'd to be constant but may vary 
large angle scattering. The lower the atomic number Z with the frequency of tiie lig^ emitted therein by Che- 
of the transparent material the longer the mean free 35 renkov radiiUion. It the emitter material is NaF with a 
path length Imbdore large angle scattering takes place. density of 2.558 g/cnP and the average value of the 
Thus, the lower the atomic number of the emitter mate- index of refraction [Nsl 335] is used in the int^ral, 
rial the larger the fraction of emitted photons of ligjit then the solution of equation 30 indicates that 6.8 pho- 
whicfa exit from the emitter for collection and focudng tons of light per dectron will be emitted in the range of 
by the optical system. This effect is greater for conical 40 3,000 to 5,000 angstroms for an electron with an initial 
collecting systems dian for spherical collecting systems, velocity ^—0.89. If the emitter material b fused alica 
because conical systems reject most of the light pro- with an average mdex of refraction of 1.45 and adensity 
duced by dectrons which have slowed down or under- of 2.20 g/cnP, then the solution of equation 30 indicates 
gone large angje collisions while ^herical systems col- that 16.2 i^iotons of light per electron will be emitted in 
lect a large fraction of this light It is, therefore, reason- 45 the range of 3,000 to 5,000 angstrcHns for an dectron 
able to expect that ^herical optical systems would be at with an initial vdocity of )i=aS9. 
least an mler of magnitiiA* more efficient in collecting The efficiency of the optical system in collecting and 
emitted li^t than conical optical systeim. focusing the light from the emitter will be primarily 

An expression for the total number of photons of light dependent on the particular design thereof and may 
N produced by Cherenkov radiation in a given fre- SO range from less than 1 percent to more than 10 percent 
quency range can be derived from equaticMis 24, 26, and The range of wavdengths of lig^t effected by the 
27. From equation 24 the diffexential of the number of optical system will affect the intensity of the light re- 
photons of light per dectron dN may be expressed as: cdved by the photodetector such as image converter 

camera 45. For a conical optical system which has not 
55 been corrected for chrcHnatic aberrations, the wave- 

^ ^ 4gV lJ\ ^ . lengths collected will lie in a narrow hand around the 

ke^ \ > wavdength of peak intensity of the emitted light If a 

conical system is corrected for (diromatic aberrations 
and from equation 26 an eqnession for dx as a function using known optical design techmques or if a spherical 
of the range R of undeflected elections and the density ^ optical collecting system is used which has been cor- 
D of the emitting material in mg/cm3 may be derived as; rected for chromatic aberrations, the range of frequen- 
cies collected will be greater, and hence, the amount of 
light collected will be greater. 
,^ Considering only those parameters of equation 30 

X =* ^ = 16.79^^1^ — 65 which can be varied in constructing an x-ray detector, 

the number of photons of light N produced in an emitter 
dr = 24J — g — dE for a given flux of dectrons and a given initial value of 

P is proportional to: 
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This tabte sho^ that an die emitter matenab pro- 
duce about the same quantity of Cherenkov radiation 
( \ I ^ f(, I g^a<6rfg. within a nmge of ± 20% widi fused silica (Si02) being 
t^siu^ ) awnewhat better than the other materials because of it» 

3 lower density. NaF, liF, GaF2. and fused silica were 
where d is the diameter of the face of the emitter and n chosed as eiamiJes because they have good transm^ 
fa assumed to be constant having a value equal to the sion iwoperties fw uhraviolet ladiatioiL 
average value of n in the interval X2-Xi.TTieintegra- might produce more collectable Lght if they arc toi^ 
tion fa performed ftom the dection kinetic energy for density and arc composed of kwcr atomic nmnber 
which fl=l/Ji given by equation 31 to the initial energy W elements m addtticn to having acceptable transmission 
with which dectrons enter the emitting material properties m the soft ultmvidct region of the spectrum. 

By usmg equation Uwhidi defines the angle at whkh The diameter of a thin slab emitter or fte^toc^ 
Uttht fa emitted by Cherenkov radiation, to rewrite nsed with spherical coilectng <^>tics b not hmrted by 
eouation lOl whfch defines Ae time degradation pro- equaticw la For a thin slab smitter IM used with spher- 
diSby a amical optical system; the diai^ W kal collecting <^ <» a optic emitter 186 

enttmncefeceofthecowcaleoritter maybedefinedas: used with spherigl cottecting^opdcs imder the <«idi- 

-tkms of rciatiOQ 22; rdation 32 de te r mm c s the relative 
number of photons produced. Rdatkm 12 impoaea a 
limit on die vahie of the kinetic energy wbaA can be 
^ / I . ^ 20 used as the upper bound for the intesnl in rdatioo 32 

^ j fbrvalies<rfn<\^ 

The gr^test signal intensity will be produced in a 
wWch when sotatteted mtonJ.tk» 32 gives: thin dab emitter by openting .t the Irighest vriue of ^ 

['-i^r [^-^] 

The quandty a defined by diat die detector fa designed to achieve, and by 

35 usmg the largest value of ndiat satisfies the right hand 



snieof rdaticm 12; 



o 






Q 










U 


u 




1.6 


.667 








0 


sm 


.714 






0 


M 


212 


.769 




0 


.290 


.442 


.442 




0 


.600 


.892 


IXO 




.a» 




.971 


t.24 


1J7 


.999 


.890 


1.63 


2J6 


2.5S 


2J0 


1.63 



has been ralml^tf^^ for various values of n and initial ^ 
vahies fimax ««d fa given in die table bdow. For the , ^ . ^ rv-t^ 

calculated vahiesE*wa8 in units of hundreds rfkeV, U>wcr values of nwifl lower die total emissWB of Ught 

because* for a given P and diameter d, fewer photons 
are produced per dectnn as n decreases. Ifi^ier values 
.45 of n win lower total emission of li^ because ii must be 
reduced ^^lich again reduces the nmnber of Cberenkov 
photons per electron. For riamplr, in a detector where 
the potential between the plate of the oscillator can be 
as high as 600keV, Pmax=0.99 and nwr=1.5. In prac- 
50 tice it may be necessary to use somewhat lower values 
of /3 or n to efficiently collect the light widi low f 
number collecting optics. 

, u«„4u.*fc^o ftM#fc*i.*<*,«*«K.^ F» a aer optic piatc emitter 186 used with a spheri- 

J^^SrS^n^:?^^ ^ syi^Sder die conditk»s of relation 21, 

tion of die factor Q to CheraAov ryfaatiy prod^^ rclationS io determines die number of photons pro- 
in a corneal lens emitter peaks for mdices of rc&actionm ^^ZTwIi^^ 

die range U to lJ.ToadOherenkov radiation produ(>. ^!f** "SP^^ "^^^ 

*r*" determmedby rdatx»28wfaidimipo8esak3iwervalue 

tionfora givwmateml^ for die upper bound on die intepS^H^^ 

die material density D. The foDowmg tabk ^ves tos ^^^J^^ 3nl2. Wtordation 12 applies, die 
quantityQ/Dforseveralemmermatenalsfor^=0.89. ^ ^3;;^''Sr^diat can be ob^ 

optic plate emitter wiQ ahiwys be lower than the maxi- 
mum intensity of the light that can be obtuned from a 
Mate rial » P Q/D~ dun slab emitter made from the Same material as the 

1J33 . 2J58 jfyT fibers. Thfa fa because the number of i^iotons per deo- 

LiF US 2.60 !973 65 tron Will be smaller since fi fa smaller. However, the 

CftFi 1-445 3.18 .796 image resolution fa improved because the image plane of 

Si02 a fiber optic i^te emitter is( better defined than widi a 

thttt slab emitter. 
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The maxiinam diameter d of the entrance surface of pbotons/nanosecond. If 1 percent of these photons of 
both the thm slab and fiber optic emitters is limited only emitted light is collected and focused by the conical 
by the constraint nnposed by equation 5 on the maxi- optical system onto a spot with a diameter of 50 ;im on 
mum diameter of the cahtode for a given degradation of the photocathode of the Imacon 673 camera^ then 
response time. Hence» the thin slab and fiber Celtic emit- 3 2. 1 X lO^photons/nanosfoxid of light will be focused to 
ters when used with ^herical collecting optics may be essentially a point on the photocathode of the image 
obstructed with a larger diameter entrance sur&ce to converter camera. This is about ISOO times niore tight 
produce more light by Cherenkov radiation than coni- than is required by the Imacon 675 camera with image 
cal emitters with the same time resoluticHL intensifier to produce a film density of one oa ASA 

The light collected from the emitter and focused onto 10 3,000 speed fifan at the fiatstest sweep speed and highest 
a i^otodetector such as image converter camera 45 by gam of the camera. Thus, the intend of the light pro- 
thie optical system must be ci sufficient intensity to duced by a single spot mtensity detector 10* embodying 
excite the photodetector. An hnage converter streak thb invention is more than adequate to be detected and 
camera with an image intesifier,commeicsany available may need to be attenuated. 

from J<^ Hadland, Photographic Timitfd, Newhoose IS If a grazing incidence mirror is used to produce an 
Laboratories, Bovingtcm, Herts, England as model Ima- image on cathode 34 of image detector 1 10^ the amount 
con 675 has a photocathode therein and is sensitive of x-ray energy reaching the cathode will be at least an 
encwgh to detect a single i^iotoelectrcMi emitted from order of magnitude less than for direct iUumination of 
such photocathode. The Imacon 675 camera can be the cathode by the x-ray source as in detector IC. If 
supplied with a i^iotocatbode Miucfa converts into pho- 20 grazing incidence minors image an x-ray flux of 5X 10^ 
toekctrons about 30 percent of the photons of light in photcms/nanoseoond onto fytVMfr 34 and the cathode 
the spectral range in which Cherenkov radiation is omverson efficiency to dectxons is 1 percent, then 
transmitted by the optical system of the x-ray detector. 5 XlO^electrcma/nanoseccMid will be ejected fiR»ncath- 
One photocathode for the Imacon 675 camera which ode 34. If thin sbb emitter 128 b made of fused silica 
gives this eOidency is a bialkaliK-C^ material which 25 with an avenge index of refraction of 1.47 in the q>ec- 
has an RCA spectral respoase designation ci 133. The tral raqge of 3,000 to 5,000 angstroms, the fused silica 
Imacon 675 camera has a resolution of 6 line pairs per has a density of 2.20 g/cm^ and the mitial vdoctty fi d[ 
miHtmeter and when used in the swe^ mode, a maxi- electrons striking the cathode of 0i89, dien each elec- 
mom sweq> speed of the dectron beam of the image tron will emit an average of 16.2 i^iotons of Cherenkov 
tnt e nrifi f y of 35 mm /n anosfccmd which is equivalent to 30 radiaticui in the range between 3,000 and 5,000 ang- 
a time resdution of better than 5 picoseconds. The stroms for a total Cherenkov emission 8.1 XlO^ pho- 
minimumH>ot size produced by the iniage intensifier for tona/nanosecond of li^ If 20 percent of these photons 
a single photodectron emitted from the camera i^ioto- of lig^t are collected and imaged by the low f number 
cathode b about 62.5 fun in diameter. Hie intensity of qiherical optic system of detector 110 to produce aas 
ligiht from the ^>ot is sufficient to produce a film density 35 cm image on a 50 fun wide entrance slit 44 of the Ima- 
of one on ASA 3,000 speed fifan at the higjiest gam ci con 675 camera, then about 2x10^ photons/nanosecond 
the miage intensifier. Thus, at its fastest sweep speed will be hnaged onto th& photocathode of the camera 45. 
and maximum gain, the Inuicon 675 camera with image Since this is greater than the MX 10* photons per nano- 
intensifier requires 1.4x 10^ photons/nanoseocmd fo- second of light required by the Inuco 675 image coo- 
cused to a spot on the photoca t hode of the camera to 40 verter camera to produce a streak of average film den- 
IHoduce a streak with a width of 62.5 ftm and an aver- aty of one on ASA 3,000 speed film, the signal intensity 
age fihn density of one on ASA 3,000 speed fihn. For produced by image detected 110 win be adequate fc»- 
the Imacon 675 camera with image mtensifier to pro- use at an x-ray flux kvd of one joule/nanosecoad mto 
duce at its fiutest sweep speed and maximum gain a 4irsterBdians with cathode 34 of the detector located 50 
streak with a width of a5 cm and an average film den- 45 cm from the target. 

sity of one on SAS 3,000 speed film requires a flux of The intensity of the light produced by d^ectors em- 
8.4x 10* photons/nanosecond on the f^iotocathode of bodying this invention may also be increased by posi- 
the camera. tioning cathode 34 doser to fuel pellet 12. X-ray inten- 

If x-ray detectors lO' and 110 are used to diagnose the sity increases as the inverse square of the HkfaiTify from 
x-ray emission from a laser driven fusion pdlet, it is SO the target decreases for direct illumination of the cath- 
bdieved these detectors should be responsive to x-ray ode 34 by the target Moreover, the intensity of the light 
fhix levds as bw as one joule per nanosecond into 4ir produced by detectors embodying thb invention may 
steradians. If cathode 34 of detector 10^ has a diameter be increased at the expense of time rcsohitioQ. For ex- 
of 2.08 mm and b located 50 cm from a fuel pdlet 12 ample, ing^^ d of sweq^nng an Imacon 675 camera with 
which emits x-radiation oi one joule per nanoseamd SS intensifier at its fostest^>eed of 35 mflliliters per nano- 
into 4ir steradbns with an average x-ray photon energy second which can give a rescrfution d a little better than 
of 2 keV, then the number of photons impinging on 5 fncoseconds, the cansera could be sw^ at half thb 
ca t hod e 34 will be 3.1 X 10^ photcma/nanosecond. If speed to give a resolution of 10 picoseconds with twice 
cathode 34 has an efficiency of 1 percent for converting the agnal intensity. Similarly, with two dimenaon 
the photons of x-rays to emitted dectrons, then the 60 "snapshots** using a Kierr cdl optical shutter, the aver- 
number of dectrons emitted from cathode 34 will be age signal intensity will be directly proportional to the 
3.1 X 10^ dectrons/nanosecond. If conical emitter 38 b amount of time the shutter stays open, 
made of NaF with an average index of refraction of While at least some of the detectors embodying thb 
1 J35 in ibe spectral range of interest and a density of invention are capable of detecting x-ray fluxes as low as 
2.558 g/cm^ and the initial veoodtyjS if electrons strik- 65 one joule per nanoseccmd into 4^ steradians, it b 
ing the emitter b 0.89, then each dectron will produce bdieved laser fusion targets which produce nuclear 
about 6.8 photons of Oierenkov radiation in the range yidds on the order of the laser energy with which they 
between 3,000 to 5,000 angstrcnns for a total of 2.1 xlO^ are irradiated will emit considerable greater x-ray 
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fluxes. The peak emission from such targets is expected accderator for accelerating dectrons emitred by said 
to be as high as one joule per ten picoseconds or a cathode to a rdativistic vdodty, a Cherenkov emitter 
factc^ of more than one hundred above the threshold receiving accelerated electrons from said electron ac- 
dctectwn level of x-ray detectors and 1 10 embody- cderator and emitting li^t, an optical system for col- 
ing this invention. In general, the higher the level of the 5 lectmg at least part of the li^t finom said Cherenkov 
x-ray flux, the greater the flexibility in using the x-ray onitter, a photodetector for detecting at least part of the 
detectors of this inventioa. When the quantity of x-rays light collected by sud optical system from said Cheren- 
is greater, it is easier to sdect limited regions of the x- kov emitter, and said electron accelerator comprises a 
ray spectrum for cAservaticm without redudng the pair of parafld i^tes of an dectricafly ccmductive ma- 
intcasity of the Ught produced by the detectors of this Serial with one of said plates havmg said cathode 
invention to an undetectable leveL It also becomes thereon and the other of said plates engaging the en- 
possible to produce larger images at entrance dit 44 face of said Chereakov emitter througjh which 
which can be better resolved after being intensified by accderateddcctroos enter into saki Cherenkov e mitt e r , 
image converter camera 45 and to ^lit the tight beam 5. The detector ofdaim 4 wherein at least part of saki 
several times to obtain a scries of snapshots separated in other plate of said electron accelerator is deposi t ed on 
time without reducing the intensity of each segment of said entrance face of said Cfaerenkov emitter, 
the light beam bdow a detectable leveL 6i. An x-ray detector comprising, a cathode ad^ted 
Detectofs embodying tfatt invention may ako be osed to emit dectrcms when irradiated t»y x-njfs, an dcctron 
to analyze other intense x-ny sources such as targets accelerator for accelerating electrons rmittrd by said 
trradtsted by electron beams or x-ny lasers and the ^ cathode to a rdativistic velocity, a Cherenkov emitter 
emitter and assnriitrd collecting and focusing or tmag- receiving accelerated electrons firom said electron ao- 
ing optics of this invention may also be i^ed to analyze cderator and emitting light, an opticd system for col- 
fluxes of charged partides accelerated to rdativistk; lecting at least part of the light firom said Cherenkov 
vdodties such as those produced by atomic particle emitter, a photodetector for detecting at least part of the 
aockntofs. ^ tight collect by said opticd system fircMn said Clheren- 
I dainu kov emitter, imaging Twnwt forming an image of the 
1. An x-ray detector co mpr i sin g, a plurality of cath- source of x-rays, and means producing a magnetic fidd 
odes each adiq>ted to emit dectrons when irradiated by paralld to the desired directioa of axid accderation of 
x-rays, an dectrcm accdcrattH' for accelerating dec- dectrons by said electron accderator, said electron 
trcHtt emitted by each of saki cathodes to a rd^vistk; ^ accderator and saki cathode being within said magnetic 
velodty, a Chotnkov emitter associated with eadi of field such that saki magnftk; fiekl decreases the magni- 
said otthndcs and receiving dectrons finom its assod- tnde of the transverse excursion of dectrons emitted 
ated cathode after the dectrons have been acoderated firom said ryr**^¥<^i whereby the image resolution of the 
by said electron aooderator and cniittnig tight, and an detector is improved. 

optkal system associ ate d with each of saki C3ierenkov 7, detector of daim 6 wherein said means pro- 
emitters for ocrfkcdng and focusing at least part of the ductng a magnetic fidd comprises a solenoid coil sur- 
light from its nnwx '. iatrri Cherenkov emitter on a photo- rounding said cathode «nd sdd electron accderator. 
detector, and a photodetector for detecting at least part g ^bc detector of dann 7 wherein said nnaging 
rflJcU^coDectedbys^ means comprises grazing inddence mirrors. 

XTHed^^ daim 1 wherein saki Cherenkov 

enutters comime an emitter lens having a plane en- comprises an miagc converter camera, 

trance face throu^ whkdi accderated dectrons pass 10. The detector of daim 6 wherein Mud photodetec- 

whkA is perpcndkolar to the axis (rf* saki emitter lens ^r comprises a camera with an image intenafier and a 

and a corned exit surface ftwn whkli tight emitted by shutter provkled by an optkdly triggered Kerr cdl 

the dectnuia pames, saki corned exit sur- controUed by a laser pulse less than 100 pk»seconds in 

feoehavingahalf angle chosen so that tight rays within duratioa. 

a given range of wavdengths which are emitted in a 11- The detector of claim 4 which also con^irises 

plane defined by the axb of said emitter lens and any imaging means forming an image of the source of x-rays 
radius vector <rf sdd emitter kns perpendicular to the ^ ^od said photodetector comprises a camera with an 

axis dkereofwiD be refracted by tltt coded surface into iinage intensifier and a shutter provkled by an opticaUy 

rays of ti^ snbstantudly paiaDd to the opticd axis of triggered Kerr cdl controlled by a laser pulse, 

said emitter lens. |2. An x-ray detector compriang, a cathode adapted 

3. The detector of daim 2 wherein saki opticd sys- to emit dectrcms when irradiated by x-rays, an dectron 
terns compmc a collector lens on the same opticd axis accderator for accderating electrons emitted by said 
as saki emitter lens and rccdving at least part of the cathode to a rdativistic vdodty, a Cherenkov emitter 
lidxt exiting firom the ccmicd surface of said emitter recetvmg accderated electrons from said dectron ac- 
lens, said cdlector lens having a centrd plane surfitce cderator and emitting tight, an opticd system for col- 
through which paralld rays of light from said conicd lecting at least part of the light from ssdd Cherenkov 
surface of said emitter lens 'pass and a smooth surface ^ emitter, a photodetector for detecting at least part of the 
surrounding said plane surface and having a curvature li^ coUected by said opticd system from said Oieren- 
to collect diverging rays of light from said conicd sur- kov emitter, and said Qierenkov emitter comprises an 
face of said emitter lens such that a fracticm of the totd emitter lens having a plane entrance face througih which 
tight coming frcm saki conicd surface of said emitto^ accderated dectrons pass which is perpendicular to the 
lens emerges firc»n said cdlector lens in rays of U^t ^ axis of the lens and a conicd exit surface from which 
substantiatiy paralld to the optk:d axis of said collector tight emitted by the accelerated electrons passes, sdd 
lens. conicd exit surface having a half angle chosen so that 

4. An x-ray detector comprising, a cathode adapted tight rays within a given range of wavdengths wtuch 
to emit dectrons when irradiated by x-rays, an dectron are emitted in a plane defined by the axis of the lens and 
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any radius vector of the lens perpeadicular to the axis quantity of one over the square of the index of refrac- 

thereof win be refracted by the ccmical nirface into rays tion of said thin slab emitter minus one. 

of light substantially parallel to the optical axis of said 17. The detector of claim 16 Mi^ierein said optical 

emitter lens. system comprises first and second conical mirrors con- 

13. The detector of claim 12 wherein said optical S structed and arranged to receive and reflect into paral- 
system comprises a collector lens on the same optical lei rays of light at least a fraction of the light emitted in 
axis as said emitter lens and receiving at least part of the said thin slab emitter in a plance defined by the optical 
light exiting from the conical surfoce of said emitter axis of said thin slab emitter and a radius vector perpen- 
km, said collector lens having a central plane surface dicular to the axis of saki thin slab emitter, the half angle 
tfarou^ which paraUel rays of light from said conical 10 of said first conical mirror being equal to the quantity of 
surfitce of said emitter lens enter and a snxx>th surface the half angle of said second conical mirror minus one 
surrounding said plane surface and having a curvature half of the angle at which light emitted in «*m1 plane 
to collect diverging rays of light from said conical sur- emerges from the exit &ce of said thin slab emitter, 
fece of said emitter lens such that a fraction of the total 18. The detector <^ claim 17 wherein said optical 
li^t coining from said conical sorfoce of said emitter system comprises a ccrflector lens on the same c^dcal 
lens emerges from said collector lens in rays of lig^t axis as said conical mirrors and receiving at least part of 
substantially paraUel to the optical axis of said cc^lector the light exiting from said second conical mirror* said 
lens. coOectOT lens having a central plane sur&ce thxtmgh 

14. An x-ray detector conqmsing, a cathode ad^>ted which paralld rays of light from said second conical 
to emit electrons when irradiated by x-rays, an electron ^ mirror enter and a smooth surface surrounding said 
aooderator for acceleratrng electrons emfttrd by said plane surface and having a curvature to ct^ect divexg- 
cathode to a relativistic vdocity, a Cherenkov emitter ing rays of light from said second conical mirror such 
receiving accderated electrcMis from said dectron ac- that a laiger fraction of the total light coming from said 
celerator and emitting light, an optical system for col- second conical mirror emerges from said collector lens 
lecting at least part of the light from said Oierenkov mraysof Hght substantially parallel to the optical axs of 
emitter, a photodetector for detecting at least part of the said coUector len& 

lig^t collected by said optical system from said Cheren- 19. The detector of claim 16 which also comprses 

kov emitter, and said Cherenkov emitter comprises an imaging means forming an tmng^ of the source of x-rays 

emitter prism having a plane entrance race through ^ and means producing a magnetic field parallel to the 

which accel e ra t ed electrons pass which is perpendicu- desired direction of axial accderadon of electrons by 

lar to the axis of said emitter prism and a conical reflect- said dectnm accelerator, said dection accderator and 

mg surfru:e from whk^ light emitted by the accderated said cathode being witfam said m^^n^ geld such that 

dectrons is reflected, said conical reflecting surface mirt wmgnMtr fifjH dtvmttiP^ thr magnitiiri** nftht^ ^rm- 

havingahalfangledK3sensothat light rays winch are 33 verseexcursionof electrons emitted from said cathode, 

emitted in a plane defined by the axis of said emitter wherd>y the image resolution of the detector is im- 

prism and any radius vector of said emitter prism per- proved. 

pencticular to the axis thereof will be reflected by said 2a The detector of daim 19 wherem said optical 

conical reflecting sur&oe into rays of light substantially system comprises a doubly reflecting, collecting and 

paralld to the optical axis of ^aid emitter prism. ^ imaging system having a first concave mirror and a 

15. The detector of claim 14 wherein said optical second convex mirror for collecting and imaging light 
system comprises a coUector lens on the same optical leaving the exit face of said thin slab emitter. 

axis as sakl emitter prism and receiving at least part of 21. An x-ray detector onnprising, a cathode adapted 

the light reflected by said conical reflecting sur^K^e of to emit electrons when irradiated by x-rays, an dectron 

said emitter prism, asJd collector lens having a central 45 accderator for accelerating electrons emitted by said 

plane surfece through which paralld rays of light firom cathode to a relativistic vdoctty, a Cherenkov emitter 

said conical reflecting surface of said emitter prism receiving accderated electrons frxmi said dectron ao- 

enter and a smooth sitffiice surrounding said plane sur- cderator and emitting light, a spherical optical system 

face and having a curvature to coallect diverging rays for coUectmg at least part of the light from said Cheren- 

of light from said emitter prism such that a fraction of so kov emitter, a photodetector for detecting at least part 

the total light coming from said emitter prism emerges of the li^t collected by sakl aptxsd system from said 

frcnn said collector lens in rays of light substantially Cherenkov emitter, said Cherenkov emitter comprises a 

pardld to the optk:al axis of sakl collector lens. fiber optw plate having a plurality of transparent fibers 

16. An x-ray detector comprising, a cathode adapted each embedded in an opaque rJarfH ing having a lower 
to emit dectrons when irradiated by x-rays, an electron 55 index of refraction than that of said fibers, each said 
accderator for accderattng dectrons emitted by sakl fiber being constructed and arranged with an entrance 
cathode to a rdativistic vdocity, a Cherenkov emitter face and an exit face essentially perpendicular to the 
recdving accderated electrons hom sakl dectron ac- longitudmal axis of said fiber and sakl longitudinal axis 
ceteator and emitting light, an optical system for cfA- extending essentiaUy parallel to the path of accderated 
lecting at least part of the ligjit from said Cherenkov 60 dectrons entering said fiber through sakl entrance fece, 
emitter, a photodetector for detecting at least part of the and the dectrons accelerated by said electron accdera- 
light collected by said optkal system from said Cheren- tor and entering said transparent fibers of said Gba 
kov emitter, and said Cherenkov emitter comprises a optic plate having a rdativistic vdocity which is less 
thin slab emitter and the relativistk: vdodty of dec- than one over the index of iefractk>n of said opaque 
trons accderated by said dectron accderator and im- 65 cladding, less than the square root ofthe quantity of one 
pinging on the entrance fece of sakl thin slab emitter is over the square of the index of refraction of said trans- 
both gjeater than one over the index of refraction of i^ent fibers minus one, and also greater than one over 
said thin slab emitter and less than the square root of the the index of refraction of sakl transparent fibers. 
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21 An x-ray detector cra&prisin& a cathode adai>ted ccntrolkd by a laser poise havmg a duration less than 
to emh electrons when irradiated by x-rays, imaging one hundred picoseconds. 

means forming on said cathode an image of the source 3a Adetector ofa flux of high energy charged parti- 
of x-rays, an dectron accdeiatCM^ for accelerating eke- desoxnprising a Cherenkov emitter receiving at least a 
trons emitted by said cathode to a rdativistic velocity, a 5 portion of the charged partsdes and emittmg lig^t, an 
Cberenkov emitter receiving accelerated electrons optical system for collecting at least a portion the 
&om said electron accelerator and emitting light, an tight torn said Cherenkov emitter, a i^iotodetector 
optical system for collecting at least part of the light having a time resolution of less than 100 picoseconds for 
&om said Cherenkov emitter, a photodetector for de- detecting and recording at least part <^ the light col- 
tecting at least part irf* the li^t collected by said optical 10 lected by said optical system, sakl Cherenkov emitter 
system from said Cberenkov emitter, means producing comprising an emitter lois having a plane entrance &ce 
a magnetic field parallel to the desired direction of axial through which charged particles pass which is essen- 
accekraticm of dectronsby said dectron accderator, tiaOy perpendkrular to the axis of said emitter kns and a 
sakl dectron acceleratra- and said cathode being within conicd exit sur&ce from wbkh light emitted by sakl 
saki magnetk: fidd such that sakl magnetk fidd de- IS charged particles passes, said conical exit sorfiice hav- 
cnases the magnitude of tiie traittverse excursion of ingahalf angle chosen so that light rays within a given 
electrons emitted fhun sakl cathode such that die image range of wave lengths which are emitted in a {toie 
resdutkm of the detector is im|»oved, sakl Cherenkov defined by the axis of said emitter lens and any radns 
emitter conqmes a fiber optk; plate having a plurality vector of sakl emitter lens per pewtimbir to the axb 
<^ transparent fibers frn^'-AL^H in an opaque c>«rMmg 20 thereof wiH be rdracted by the comcd surface into rays 
having a lower index of refraction than that of said hgfat substantially paralld to the opticd axis of sakl 
fibers, and the dectrons aocekrsted by sakl electron emitterlens. 

accelerator and entering said transparent fibers of said 31. The detector of claim 30 winch comprises a plu- 
fiber <^>tic plate having a idativistic vdodty wluch is rahty of said Cberenkov emitters and an of^icd system 
less than one over the index oficfraction of said opaque 23 associated with each oi sakl Cherenkov cnutters for 
cJ ^mg, i fyt thm itfMt Mpmfe root of the qnantity of one collecting and focttsing at least part of the Ugjbt from its 
overtiiesquareof the index of refraction of said trans- a s socia t rd Cherenkov emitter on a photodetector, 
parent fibers minus one, and also greater than one over 3Z. The detectCH- of claim 30 wherdn said opticd 
the index of refraction of said transparent fibers^ system ooaqnises a collector lens on the same opticd 

23. The detector of claim 22 wherdn said opticd 30 axb as sakl emitter lens and receiving at least parted the 
system comprises, a doubly reflecting, collecting and li£^ exiting from the corned surfiKx of sakl emitter 
ima g in g system stnular to a Bnrch all-reflecting micro- lens, said collector lens having a oentrd plane snr&oe 
scope objective and havmg a first concave mirror and a through which paralld rays of light from said corned 
second ccmvex mirror for ooOectiiig and imaging light sur&oe of said emitter lens pass and a smooth snr&ce 
leavmg the exit fine of sakl fiber optk: plate. 35 surrounding sakl |4ane smiace and having a curvature 

24. The detector of cbdm 22 wherein said means toccdkctdivergingniysof ligjit from sakl oooicdsnr- 
piodncing a magentic field comprises a solenoid coil fiaoeof said emitter lens such that a fraction of the totd 
surronndmg sakl othode and sakl electron accdcratcv. li^t commg from sakl conkd mhcc of sakl emitter 

25. The detector of clahn 22 %i1ierein said i^iotode- lens emerges from sakl collector lens in rays of ligjit 
tector comprises an image converter camera. 40 substantially paralld to the opticd axis of said collector 

26i. The detector of claim 22 lAiierein said photode- lens, 
tector ooui priacs a cam cf a with an image intensifier and . 33. A detect o r of a flux of high energy charged parti- 
a shutter provided by an opticaDy triggered Kerr cdl cles with relativistic velocities comprising a Cberoikov 
controlled by a laser pulse. emitterrecdvii^atleastaportionof tfaediargedpartl- 

27. An x-ray delectorcomprismg acatiiode adapted 45 des and emitting light, an optk»l system for ooOecling 
to emit dectrcms when irradiated by x-rays, an dectron at least a portion of the light from said Cherenkov emst- 
accelerator for accelerating dectrons emitted by sakl ter, a photodetector having a time resohition of less than 
cathode to a rebtivstic vdocity, a Cherenkov emitter 100 piooseccmds for detecting and recording at least 
recdving accderated dectrons from sakl dectron ac- part of the lig^ collected by said optkal system, and 
cdexatOT and f^^Mftmg light, *v^e^z means forming an SO said Qierenkov emitter comprising an emitter prism 
image on sakl cathode of the source of such x-rays, and having a plane entrance fim which is perpendicular to 
means producing a magnetk fidd paralld to the desired the axis of said emitter prism and through wludi at least 
direction of axidaccderationctf electrons by said dec- a portion of the diarged particles pass and a conicd 
tron accderator, sakl electron acceleratcH' and sakl cath- reflecting surface from wfakh light emitted by the 
ode being within said magnetic field such that said mag- 55 charged particles is reflected, said conicd reflecting 
netic fidd decreases tiie magnitnde of the transverse surface luivtng a half ang^ diosen so that H^it rays 
excursion of dectrons emitted from said cathode which are emitted in a plane defined by the axis of sakl 
wherdiy the image resolution of the detector is im- emitter prian and any radius vector of said emitter 
proved. prism perpendicular to the axis thereof will be reflected 

28. The detector of claim 27 which also comprises an 60 by sdd conicd reflecting surface into rays of light sub- 
opticd system for ooflecting at least part of the light stantiaOy paralld to the opticd axis of said emitter 
firom said Cherenkov emitter and reconstructing an prism. 

imageof the source of such x-rays, and a photodetector 34. The detector of claim 33 wherein said opticd 
for recording the reconstructed image produced by said system comprises a collector lens on the same opticd 
(^ticd system. 65 axis as said emitter prism and recdving at least pert of 

29. The detector of claim 20 wherein said pbotode- the light reflected by said corned reflecting surface of 
tector comprises a camera with an image intensifier and sakl emitter prian, said collector lens having a centrd 
a shutter provided by an optically triggered Kerr cdl plane surface through which paralld rays of li^t from 
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said omica] reflecting surface of said emitter prism 100 picoseconds for detecting and recording at least 

enter and a snrnth surfoce sorroanding said plane snr- part of the light collected by said optical system, and 
face and having a curvature to collect diverging rays of said Cherenkov emitter comprises a fiber optic having a 
light &om said emitter prism such that a fraction of the plurality of transparent fibers embedded in an opaque 

total hght coming frcHn said emitter prism emerges from S cladding having a lower index of refraction than that of 

said collector lens m rays of light suhstantiaDy parallel said fibers, each said fiber being constructed and ar- 

to the optical axis of said collector lens. ranged widi an entrance foce and an exit face essentially 

35. A detector of a flux of high energy charged parti- perpendicular to the longitudinal axis of said fiber and 

des with idativistic velocities comprising a Cherenkov said longitudinal axis extending essentially paialld to 
emitter receiving at least a porticm of the charged parti- 10 the path of charged particles entering said fiber through 

des and emitting light, an optical system for collecting said entrance face^ and said charged partides upon 

at least a portion ofthe light from said Cherenkov emit- entering said fibers of said optic plate having a rdativis- 

ter, a photodetector having a time resoluticm of less than tic vdodty whidi is less than one over the index of 

100 picoseconds for detecting and recording at least refractimi of said apaqae c^iMm^ less than the square 

part of the light collected by said optical system, said IS root of tltt quantity of <me over the square ofthe index 

Cherenkov emitter comprises a dxin^ab emitter and the of refraction of said transparent fibers minus cme, and 

rdativistk vdodty of dte diarged partides inipingtng also greater than one over the index of refraction of said 

on the entrance fiice of said thin slab emitter b both tran^xarent fibers. 

greater than one over the index ofrefraction of said thin 40. The detects of daim 39 which also comprises 
slab emitter and less than the square root of the quantity 20 imaging means forming an imn^ of the source of such 
of oi» overtly square of the index of refracdcm of said charged partides and means producing a magnetic fidd 
thin slab emitter minus one. paralld to the kmgitadinal axis ofsaid fibers (rf'said fiber 
36l The detector of claim 35 wherein said optical optic plate and ccmstmcted and arranged so that such 
system co mp rises first and second conical mirrors con- charged partides pass through such wm gn^tr. field prior 
structed and arranged to receive and reflect into paral- 25 to entering said transparent fibers to decrease the mag- 
Id nys (flight at least a fraction of the light *?nitt^ in nitnde of the transverse excursion of such charged parti- 
said thin slab emitter in a plane defined by the optical des so as to improve the image resolntion ofthe detec- 
axisofsaiddiinslabemitter and a radius vector perpen- tor. 

dicttlar to the axis ofsaidthm slab emitter, the hdfuigle 41. The detector of daim 39 wherein said optical 
c^said first conical mirrw being equal to the quantity of 30 system comprses a doubly refiectmg, collecting and 
the half angle of said second conical mirror minus one imaging system similar to a Bnrch all-reflecting micro- 
half of the angle at which light emitted in said plane scope objective and having a firrt concave mirror and a 
emerges from the exit &ce of said thin slab emitter. second convex mirror for collecting and wtweiwg hg^t 

37. The detector of dahn 36 vilierein said optical leaving the exit foce of said fiber optic plate, 
system co mp rise s a collector lens on the same c^tical 35 4X A detector of a ffaix of high energy charged parti- 
axis as said conical mirrors and receiving at least part of cles with rdativistic velocities <wnpriiung a Cherenkov 
the light exiting from said second conical mirror, said emitter receiving at least a portion ofthe charged parti- 
coUector lens having a central plane surface through des and emitting light, an optical system for collecting 
which paralkl rays of light from said second ccmical atleast a portion of the fight from said Cherenkov emit- 
mirror enter and a sntooth surfrioe surrounding said 40 tf^, a photodetcctor having a rimg rganhitinn «f than 
plane surface and having a curvature to collect diverg- 100 {Mcoseconds for Hw^vrtmg and r ecor din g at least 
ing rays of light from said second conical mirror such part of the light collected by said optical system, gaii^ 
that a larger fraction of the total light coming from said Oierenkov emitter co mprise s a fiber optic plate having 
second conical mirror emerges from said collector lens a plurality of transparent fibers each embedded in an 

in rays of ligfat substantially paraBd to the optical axis of 45 npaqm* nla^rfiy^g having n Inwy^ mciCT ntf rpfiriM^Hftn than 

said collector lens. that of said fibers, each said fiber being constructed and 

38. The detector of claim 33 which also comprises arranged with an entrance fiace and an exit f ace essen- 
iniagmg means fornung an image of the source of the tially perpendicular to the longitudinal axis of said fiber 
charged partides and wherein said optical system com- and said longitudinal axis extending essentially paralkl 
prises a doubly reflecting, collecting and ™*gi"g sys- SO to the path of the charged particles entering said fiber 
tem having a first concave mirror and a second convex through said entrance &ce, and the charged particles 
mirror for cdlecting and imaging light leaving the exit entering said transparent fibers of said fiber op^ plate 
face of said thin slab emitter. having a rdativistic velocity wfaidi n less than one over 

39. A detector of a flux of high energy charged parti- the mdex ofrefraction of said opaque dadding, less than 
des with rdativistic vdodties comprising a Qieretikov 55 die square root ofthe quantity of one over the square of 
emitter receiving at least a portion of the charged parti- the index of refiBCtion of said tran^iarent fibers minus 
des and emitting light, an optical system for collecting one, and also greater than one over the index of refrac- 
at least a portion of the light from said Cherenkov emit- tion of said transparent fibers. 

ter, a photodetector having a time resolution of less than • * * • • 

60 
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[57] ABSTRACT 

A pbotoemissive photocathode, being a metal with a low 
woik function and preferably tantalum-surfaced cesium- 
antimooide, is illuminated with pulses of 5320 A laser light, 
typically 20 psec at a 20 Hz repetition rate, to emit electrons 
by the photoelectric effect The emitted electrons are accu- 
mulated in a spatial region near the photocathode by a grid 
electrode. The same laser pulses activate a semiconductor 
switch, normally an LiTaOj crystal doped with 2.24% Cu, to 
apply a high voltage, typically 100 Kv, between the photo- 
cathode and an aiK>de. The accumulated electrons are 
accelerated, and focused, as an electron beam that strikes the 
aiK>de, typically in a focal spot of less than 05 mm diameter. 
Time-resolved x-ray pulses, typically K band of 20 pico- 
seconds duration with 4—10 microjoules energy each, are 
produced. A laser-induced pulsed wide-area table-top-size 
embodiment of the x-ray source reliably generates a 1-10 
mW/cm^ flux of hard, 0.1-1 rmi, x-rays from picosecond 
duration laser pulses, and a 20-40 mW/cm^ flux of x-rays 
from 20 ns, 193 run laser pulses at a pulse repetition rate of 
300 Hz minimum, 1,000 Hz typical. The x-ray generation is 
uniform over a large 20 cm^ anode area. A mask is placed in 
direct contact with the anode for lithography. 

28 Claims, 2 Drawing Sheets 
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COMPACT fflGH-INTENSITY PULSED X- X-rays have been produced using plasma sources thai are 

RAY SOURCE, PARTICULARLY FOR eneigirod by lasers. In laser plasma x-ray sources, either a 

LITHOGRAPHY pulsed-infrared (IR) laser or a ultraviolet (U V) excimer laser 

is used with pulse widths varying from less than 10 pico- 

REFERENCE TO RELATED APPUCAnONS 5 seconds to 10 nanoseconds. The laser beam is focused on a 

„ . . * - ^ r target where it creates a plasma having a sufficiently high 

The present patent apphcation IS a oontmuation-in-part 01 * ^ * j, j ,0. «.^^^,« « - ™ 

yix^iivyai^u y/j^ oi/w:! J temperatuic to producc contmuous and chaTacteHstic X-ray 

copending U.S. patent application Ser. No. 07/326,910 filed ,.*7- - j . ft 1 ™„ „™ i 

j^uuLug F iriTnA^HOHT TIMF RP^mi VFD radiaUon. Major disadvanUg^of lascr plasma X-ray sourccs 

5?^*3oi™ ^^^^?c n ^r"rX,in^^ inchide (0 a diffuse, non-point, area of x-ray emission (ii) 

X-RAY SOURCE, now issued as U.S. Pat. No. 5,024,058 on , ^ /-m » 

V^wv^l««, ■ . r.t- J- * ! 1-10 low efficiency and (ui) low repiation rate. 

Aug. 20, 1991. The mventor of the copending patent appli- 1^ r w • . 

cation is the sclfeame Peter M. Rcntzepis who is one of the ^.2 X-ray Sources for Lithography 

co-inventors of the present application. Since the seminal paper by Henry Smith appeared in 

1972, the achievement of economical x-ray lithography has 

BACKGROUND OF THE INVENTION been rather ehisive. During the intervening years, however, 

^ T^- I J r » considerable progress in many areas has been made, inchid- 

1. Field of the Invention j 1 * r i j • ut 

mg development of masks, resists and registration capabili- 

The present invention concerns the generation of x-rays, 

and particularly time-resolved x-rays having nanosecond ™ - 1 r j ^ 

, V _^ rp. , - ^- I t„ Three main classes of x-ray sources are considered as a 

and shorter duration. The present invention particularly ... , . . ... ti 1 ^ • 

r 1*1. u J ™^ • 11 on possible choice for htbography. Those are electron impact 

concerns XH^y sources for lithography, and especially 20 , l j 1 j u # n ^ u 

•/ ^ fl /u Ia « «^;,»;„r. tubes, laser-based plasmas, and synchrotrons. Progress has 

sources providing an energetic flux of hard x-ray radiation . , . 5 r 1 1 • 1 

11 ^ J J been made m each of these sources, particularly m laser- 
over a spatially extended area. _, . , \Z • i u t„ 

^ ' dnven plasma x-ray sources. Efforts m Japan nave been 

2. Background of the Invention devoted to the development of compact, high density syn- 
The present invention generally relates to the production ^ chrotrons. Even today, each of these sources has its limita- 

of x-ray radiation, particularly time-resolved pulses of x-ray tions for a practical system. 

radiation, and particularly relates to the production of x-ray jjj^ sources arc the synchrotrons, but so far 

radiation over a ^atially extended area. ^j^^^^ p^^^^ complexity make them prohibitive for 

2.1 Time-Resolved X-ray Sources use in a production line. 

The earliest aUempts to produce time^esolved x-rays 30 Electron impact tubes are the simplest and cheapest 

employed mechanical shutters that moved in front of x-ray sources. However, their effectiveness is best only in the hard 

sources. For example, transmission of x-rays through x-ray ^-ray region. For high current ou^ut electron impact tubes 

transparent ^rtures within a rotating apertured disk that be pulsed because of the extreme heat generated on the 

was otherwise opaque to x-rays permitted the generation of anode by electron impact on the arxxie. 

millisecond x-ray pulses. These millisecond x-ray pulses 35 ^ase^ ^^^^ ^^^^ started" to appear and 

were too slow to permit the study by x-ray diffraction of any ^^^^ promise 

type of molecular phenomena such as reaction, melding, ^ - ^ . r 

/.*^ . . . . , , ^ The requirements for a practical x-ray source for lithog- 

dissociaUon, or vibration. MiUisecona x^ay pulses were, , j j . j 1 * r*u *i- •^-Z.t 

uia»/v,iauvix, li/iauv/u. ^ ^. i raphy arc dependent on developmcut ofthc othcr two CHtical 

however, sometimes sumaent to permit observation 01 . * *l l- 1 j 

. ' , ... 1. * 11 . components of the hthographic process — mask and resist, 

certam biological phenomena, although not normally at the ^ . _ _r _ . . 1 * r 

l^iuviit i^i^fiv^w y J 40 ^Qsj Qf the research and development for x-ray sources IS 

biomolecular level. centered in the 0.4-5 nm wavelength range where suitable 

Davanloo et al.. Rev. Sd. Instrum. 58:2103^2109 (1987) ^^^^ ^ available. Use of still harder x-rays, 0.1-1.0 nm, 

reported constructing an x-ray source capable of producing ^^^^ additional benefits, such as the possibility of 

x-ray pulses of nanosecond (ns) duration. That x-ray source ultrasensitive microsensors for medical and technological 

utilized (i) a low impedance x-ray tube, (n) a Blumlem 45 applicaUons and, of course, higher resolution Uthography 

power source, and (m) a commutaUon system for penodi- pennitting a denser layout of semiconductor components, 

cally applying power from the Bhimlein power source to the _ . . .„ , ^ . j ••u 

L . ^ The present mvenUon will be seen to be concerned with 

x-ray tube. The system yielded 140-mW average power m . ^ . _ 1 r i-*u u • „ 

^ , r J- *- X ^ , ^ • A *u the generation of x-ray pulses for hthography m a manner 

15 ns pulses of radiation near 1 A. That device, and others . . . ,. . . j 1 j- *- » J. » 

, 4T<:_„/-\i that IS bebeved to provide several distmct advantages over 
based on Blumlem-generators, suffers from (1) low repeti- 50 • 
tion rates in the range of 100 hertz, (ii) prospective inability P^vious x-ray sources, 
to produce pulses shorter than about 15 nsec, and (iii) low 23 Photoemissive Sources of Electrons 
energy efficiency on the order of 25%. The durability in By way of background to the present mvcntion, Lee, etal., 
operational use of Bhimlein-based sources of x-ray flashes is in Rev, ScL Instrum., 56:560-562 (1985) described a laser- 
also imcertain. 55 activated photoemissive source of electrons. In the laser- 
More recenUy, Science Nei^, Vol. 134, No. 2: pp. 20 activated photoemissive electron source a photocathode is 
(1989) reported that scientists al ComeU University and the illuminated with high mtensity laser light as a niea^ of 
Argonne National Laboratory have developed a device, generating numerous electrons by the photoelectoc effect. 
caUed an undulator, capable of producing x-ray pulses The electrons emitted from the photocathode are focused m 
one-tenth of a billionth of a second (100 picoseconds) in 60 ^ electrical field, typically produced by electrodes m an 
duration. The undulator utilized synchrotron radiation from electron-gun configuration, m order to produce a high mten- 
fast-moving charged particles in an electron storage ring. electron beam. 

Because electron storage rings are typicaUy large and 2.4 Rectification of Ultrashort Optical Pulses to Produce 

expensive, the ring used at Cornell being oi>e haff-mile in Electrical Pulses 

diameter, the production of bright x-ray flashes by such 65 By way of further background to the present invention, 

means is distinctiy not adaptable to the scale and budget of the rectification of ultrashort optical pulses in order to 

a typical materials or biological laboratory. generate electrical pulses having durations and amplitudes 
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that are unobtainable by conventional electronic techniques electrons (electron beam) in order to produce x-rays in 

is described by Auston, et al. in the AnnL Phys. Lett.^ 20: response thereto. 

398-399 (1972). Electrical pulses on the order of 4 amperes Preferably, the x-ray soiuce further includes a high volt- 

in 10 picoseconds are generated by rectification of 1.06 age switching means selectively operable to energize the 

micrometer optical pulses in a LiTa03 crystal doped with 5 high voltage means for a selected period of time for accel- 

approximately 2.24% Cu (LiTa03:Cu'*^). erating the electron beam during the selected time period to 

A doped transmission line, having an absorption coeffi- produce an x-ray pulse. Preferably, the high voltage switch- 

cient of 60 cm"^ and a thidmess of 0.2 mm, is bonded with ing means comprises an electrical switch selectively oper- 

a thin epoxy layer to an undoped crystal in the form of a able to selectively energize the high volUge means in 

TEM electro-optic transmis^on line of 0^x05-mm cross- 1° response to, and in synchronism with, the laser beam pulses, 

sectional area. Current pulses are generated by absorption in In another preferred embodiment, the x-ray source further 

this transducer of single 1.06 micrometer mode-locked Nd: includes a means for producing the laser beam as pulses in 

glass laser pulses, typically of duration 3-15 psec and with substantial temporal synchronization with the energization 

an energy of approximately 1 mJ. of the high voltage means. 

The electro-optic transmission line, or switch, operates to In still another preferred embodiment, the x-ray source 

conduct current during the presence of laser excitation by includes a field electrode means disposed between the 

action of the macroscopic polarization resulting from the electron source means and the electron beam target means 

difference in dipole moment between the ground and excited for substantially suppressing the electron beam in response 

states of absorbing Cu** impurities. Effectively, the electric- to deenergization of the high voltage means. Preferably, the 

optic transmission line, or switch, has a very great number ^ field electrode means comprises an electrode positioned 

of charge carriers, and is a very good conductor, during the closer to the electron source means than to the electron beam 

presenoe of laser excitation. During other times it is a target means. 

semiconductor and does not conduct appreciable current in embodiments containing an electrode, it is preferred 

The exdted-state dipole effect of the transmission line, or that the x-ray source further include a means for negatively 

switch, is exceptionally fast, on the order of 1 or 2 psec or ^ voltage biasing the electrode relative to the electron source 

less. means for substantially maintaining the electrons produced 

by the electron source means in a region between the 
SUMMARY OF THE INVENTION J^^^ the electron source means in response to 
The present invention contemplates a compact, high- 30 deenergization of the high voltage means, 
intensity, inexpensive, reliable, tunable, high-intensity A still fiirther preferred embodiment of the x-ray source of 
pulsed x-ray (PXR) light source where copious electrons are this invention includes a means for directing the laser beam 
efficiently produced at a photocathode by the photoelectric pulses onto a scattering sample (a sample for scattering the 
effect and then, having been efficiently produced, effectively x-ray radiation) for energizing the scattering sample sub- 
accelerated and focused in a strong electric field to impinge 35 stantially simultaneously with illumination of the sample by 
upon a desired area of an anode, thereby to produce bright the x-ray radiation. 

x-ray light by bremstrahhmg. StiU another preferred embodiment of the x-ray source of 

In various embodiments an x-ray source in accordance this invention includes an x-ray switch means for switching 

with the present invention can produce pulsed x-ray radia- x-rays received from the electron beam target means to 

tion that is any one or ones of (i) very short (typically 20 ps), 40 produce an x-ray puke. Preferably, the x-ray switch means 

(ii) very bright (typically 6.2x10* cm~^ sr"^ at the Ka comprises an apertured plate, such as a rotating plate, 

wavelength (154 A), and/or (iii) very hard (typically 0.1-1 movable to selectively and alternately occlude and to pass 

micrometer wavelength). X-ray source in accordance with the x-rays through an aperture for producing an x-ray pulse, 

the present invention are effectively applied in the areas of In one preferred x-ray source in accordance with the 

crystallography, petrography, and especially lithography. 45 present invention, the electron source means comprises a 

Particularly for lithography applications, a compact wide- photocathode, the electron beam target means comprises an 

area x-ray source can produce from 1 to 40 mW/cm^ x-ray anode, and the high voltage power supply is coimected 

radiation flux (depending upon the duration and repetition between the photocathode and the anode for generating the 

rate of the laser pulses) uniformly over an area (typically electric field used for accelerating the electrons produced by 

circular in shape) that is as large as 20 cm^. Such an so the photocathode as an electron beam that impinges the 

energetic high-intensity pulsed bard x-ray flux over such a anode to produce the x-rays. 

large area is manifestly suitable for the masked exposure of In another embodiment, the present invention contem- 

photoresists in the production of semiconductors: the x-ray plates a source of x-ray radiation comprising a laser source 

source, mask, resist and semiconductor substrate are placed of laser light, a chamber evacuated to a high vacuum, a 

tight together in simple close contact — obviating any need 55 photocathode within the chamber for emitting electrons in 

for focusing. response to iUumination thereof by the laser light, an anode 

An x-ray source in accordance with the present invention within the chamber spaced apart from the photocathode, arxi 

has (i) a laser for producing a laser beam (a beam of laser a high voltage source for electrically biasing the anode to a 

light), and (ii) an electron source means, preferably high voltage relative to the cathode for accelerating elec- 

photoemissive, that is capable of producing electrons in 60 trons emitted from the cathode as an electron beam to 

response to illumination by the laser beam and which is ■ impinge upon the anode and to produce x-ray radiation, 

positioned for illumination by the laser beam. The x-ray Preferably, a high voltage switch is connected to the high 

source also includes (iii) a high voltage means energized to voltage source, the photocathode and the anode, for selec- 

generate an electric field for accelerating, as an electron lively biasing the anode with high voltage relative to the 

beam, the electrons produced by the impinging of the laser 65 cathode in synchronization with the illumination of the 

beam on the electron source means, and (iv) an electron photocathode by the pulses of laser light. Preferably, the 

beam target means positioned to intercept the accelerated high voltage switch is selectively operable for switching the 
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biasing of the anode in response to and in synchronization source in accordance with the present invention in opera- 

with the pulses of laser light Preferably, the high voltage tional use for performing an x-ray diffraction experiment, 

switch comprises a semiconductor switch re^osive to the piG. 2 is a cross-sectional plan view of the pbotocathode, 

pulses of laser light. aiK>de, grid electrode and focusing plates within the pre- 

Preferably, the source of x-ray radiation of this invention * ferred embodiment of an x-ray source shown in FIG. 1. 

further includes (i) a grid electrode within the chamber piG. 3 is an enlarged cross-sectional view of the cathode 

between the anode and the photocathode, and (ii) a voltage arid anode of an alternate, througb-path-transmitting, x-ray 

source for electrically biasing the grid electrode with a source in accordance with the present invention in position, 

voltage, lower than the high voltage, for jointly limiting the aixl in use, for lithography, 
drift of the emitted electrons under the space charge effect to lo 

a region of the chamber proximae the anode when the anode DETAILED DESCRIPTION OF THE 

is not electrically biased with the high voltage, and (iii) a PREFERRED EMBODIMENT 

high voltage switch oormected to the high voltage source and . , . l • r 

the photocathode for selectively applying the high voltage P^f"' ">vention contemplates the production of 
between the anode and the photocathode to produce pulses « ''""ys V 5^ 'f'^J^ illuminating a photoemissive 

of emitted elections accelerated from the photocathode photocalhode with high mte^ity laser hght to cause tte 

through the grid electrode to impinge the anode, producing emission of copious electrons by the photoelectric effect, (u) 

pulses of x-ray radiation. acceleratmg. and preferably focuang. the emitted elections 

„ ...„,, , . in and by a high voltage electric field established between 

Jhc present mvention J^rth^r contemplates an photocathode and an anode so as to form an electron 

improvement to the photocathode element of the laser- ^ ^^^^ ^ ^ ^ 

activat^i, photoemissive. e ectron source. A meta^^ pref- ^j^^ accelerated (and focused) 

erably deposited on^or is alteraaUvcly mixed m bulk with ^^^^^^ ^ ^^^^ 

a senuconductor. The metal is preferably tantalum (Ta), ^ , ^ \ .... 

copper (CuX silver (Ag), ahmiinum (Al) or gold (Au) or ^^^e present invention further contemplates the production 

o:rid^ or haUdes of these metals, and is more preferably of time-resolved x-rays, inchidmg nanosecond and shorter 

tantahun. TTie depositing is preferably by sputtering or duration x-ray pulses. In order to do so multiple indepe^^ 

annealing, and is preferably by annealing. The semiconduc- ^ separable techniques are employed 

tor is preferably cesium (Cs) or cesium antimonide (CSgSb) First, the laser is cycled in operation so as to produce 

or gallium arsenide (GaAs), and is more preferably cesium time-resolved Hght pulses, typicaUy 20 picosecond light 
antimonide. A photocathode so formed exhibits eflScienl ^ pulses at a repetition rate of 20 Hz. Alternatively, a laser 

electron emission by the photoelectric effect and improved producing 80 picosecond duration light pulses may be 

longevity. cycled at an 82 Mhz rate, giving an approximate 0.66% duty 

In another embodiment, the present invention contem- ^^^^e. TypicaUy pulses of an intermwliate duration, nomi- 

plates a method of producing x-ray radiation comprising picoseconds, are produced at an mtermediate 

ahiminating a photocathode in a high vacuum with laser frequency, nommally 1 kHz. 

light, preferably at intermittent intervals, in order to produce Second, the electrons periodically emitted from the pho- 

eledrons therefrom by the photoelectric effect and acceler- tocathode in re^nsc to the periodic laser light pulses are 

ating the produced electrons in a high voltage electric field preferably accumulated in a spatial region near the 
to impinge on an anode in the high vacuum to produce x-ray ^ photocathode — overcoming the normal di^rsion of these 

radiation. electrons throughout the region between the photocathode 

In an embodiment particularly suited for use in x-ray and the anode which would be expected due to the space 

Uthography the x-ray source of the present invention charge effect-^>y use of a grid electrode that is positioned 

includes a laser light generator for producing laser Ught between the photocathode and the anode. The grid electrode, 
ilhimination over a spatially extended area and a ^atially 45 typically biased at about 3 kV, functions to accumulate the 

extended photoemitter means intercepting the laser Ught emitted electrons in bunches. However, it so functions only 

illumination over the spatiaUy extended area in order to »*Po«' ^nd during such times, that the much greater high 

produce electrons by the photoelectric effect over the same volUge between the photocathode and the anode is switched 
spatially extended area. A high voltage source generates an 

electric field for accelerating the produced electrons as a 5Q In accordance with an important third aspect of the 
wavefront of electrons, the wavefront again occurring over present invention, the high voltage, typically approximately 
the spatially extended area. A spatially extended metal foil 100 Kv, between the photocathode and the anode is prefer- 
is positioned to intercept the wavefront of electrons over the ably switched on and ofi^ preferably in a semiconductor 
spatially extended area of such wavefront, and, responsively switch that is responsive to the laser light pulses. The high 
to this interception, for producing x-rays. The x-rays so 55 voltage is switched on for a time period that spans the period 
produced over a ^atially extended area are particularly of photoemission, and which is typically substantially coin- 
useful for litbogrq>hy, including in the masked exposure of cident with the period of photoemission. 
photoresist upon a semiconductor substrate where the The use of a grid electrode, and the switching of the high 
substrate, photoresist, and mask are tight against (i.e., at a voltage, are both optional: it is sufficient to create time- 
separation that is typically ^5 micrometers) the metal foil, resolved x-rays only that the laser should be pulsed. 

These and other aspects arxl attributes of the present However,use of the grid electrode and switching of the high 

invention will become increasingly clear by reference to the voltage helps to keep the emitted electrons tightly grouped 

following drawings and accompanying specification. in "packets**. When these electron packets ultimately strike 

the aiKxle then the resulting time-resolved x-ray pulse is not 

BRIEF DESCRIPTION OF THE DRAWINGS appreciably longer than the laser light pulse. 

FIG. 1 is a block diagram showing a preferred embodi- In the preferred time-resolved x-ray source in accordance 

ment of an ultrashort, picosecond, time-resolved x-ray with the present invention each of the activities of (i) 
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photoemission, (ii) accumuJatioa of pholoemitted electrons, al a low duty cycle, (vi) compact, desk-top, size and (vii) 

and (iii) switdiing of the high voltage is appropriately general reliability and low cost. 

temporally sequenced and phased. Each laser li^t pulse (i) A preferred embodiment of a time-resolved x-ray source 

pbotoemissively generates abuodant electrons which are (ii) in accordance with the present invention for producing 

accumulated in a narrow ^atial region between the photo- 5 picosecond duration K band x-ray pulses is diagrammati- 

calhode and anode and then, the high voltage being switched cally aiustrated in operational use for x-ray ^troscopy in 

on, (iii) accelerated and focused into a short^duration time- ^G, 1. A scattering sample 2 is iUummated with ultrashort 

resolv«l electron beam. Hie short-duration electron beam is tmie-resolved x-ray pulses 10, typicaUy of 20 to 50 pico- 

typicallyequaUy as short as the laser Ught pulse from which ?^"ds duration, to produce an x-ray miage on an x-ray 

U arose, o^ approximately 20 picose^nds in duration. It lO imagmg device 3 Tbe x-ray miapog devio^^^^ 

!r . "FF'"-'^ J y . r J . photographic plate, or image mtensifier, positioned m the 

strikes the anode x-ray target m a tighdy focused spot, f;^^e backscattering configuration. A goniometer (not 

typicaUy of less than 0.5 mm diameter, pnxhicmg an x-ray ^^^^^ ^^^^ instrument for measuring angles, helps to 

pulse of approximately 20 picoseconds duraUon and align the poation of scattering sample 2 with the x-ray beam 

approximately 4-50 millijoules energy. ^ ^_^y 3 

The picosecond x-ray pulse itself may be further gated, 15 pnxhiction of time-resolved x-rays 10 in x-ray source 

such as by having its leading or trailing edges truncated by ^ commences with a laser beam 20 that is generated in a 

passage through the x-ray tran^arent apertures of a rapidly j^^. jbe laser 21 is typically of the Nd-YAG 

rotating apertured plate. ^ One such type laser is Spectrophysics Model 3000 

The energy of the time-resolved x-ray pulses is a ^inction \AG laser. It is capable of producing 80 picosecond duration 

of the high voltage, and is typically controlled to be of K, L, laser pulses at a repetition rate of up to 82 Mhz. A preferred 

or M bands. Normally a high voltage of 100 KV is used to pulsed laser 21 available from Quantel International is 

produce K band x-ray pulses. The intensity of the x-ray capable of producing up to 20 picosecond duration laser 

pulses is a function of (i) the intensity and duration of the li^t pulses at a repetition rate of 20 Hz. Each laser pulse is 

laser light pulses, (ii) the efi&ciency of the photocathode, and ^ of green light (approximately 5320 A), and contains about 4 

(iii) the quantity of electrons that are accumulated between millijoules energy. The nominal 10 ps pulses (and even more 

the grid electrode and the photocathode before being accel- commonly 6 ps pulses) at the nominal 1 kHz repetition rate 

erated as a packet to the anode. X-ray pulses more intense (and even more commonly al any repetition rate from 3C0 

than 4-10 micrqjoules, shorter than 20 picoseconds, and/or Hz to 1 kHz) may be produced at, for example, a 193 nm 

at duty cycles greater than 0.66% are posable. ^ wavelength with, for example, a commercially-available 

The time-resolved x-ray source in accordance with the ArF excimer laser, 
present invention is beneficially operated at pulsed x-ray The laser light pulses 20 produced by pulsed laser 21 are 
energies, intensities, and duty cycles that do not require split in first beamsplitter 30 into pulsed laser light beam lines 
external cooling of the source. Particularly when the source 22, 23. The intensity of the laser light within each such beam 
used for photolithography then a photoresist is normally line 22, 23 is not necessarily equal in accordance with the 
exposed to many individual x-ray pulses. Because of the transmission, versus the reflection, characteristics of beam- 
reasonable energy within each of these pulses (roughly splitter 30. Normally, and in accordance with the require- 
equivalent to a flawed synchrotron radiation x-ray source, ment for light power in each of the beam lines 22, 23, about 
the brightest previously known source), the total elapsed 10% of the light 20 goes into beam line 22 and about 90% 
chronological and cumulative exposure times are reasonable ^ goes into beam line 23. 

in support of manufacturing production of semiconductors. xhe laser light pulses within beam line 22 are reflected at 
In use of the x-ray source in accordance with the present mirror 31 and again in prism 32 to impinge upon second 
invention for x-ray spectroscopy, the picosecond x-ray beamsplitter 33. The prism 32 may be moved a variable 
pulses are preferably directed to illuminate with x-ray light distance, VD^, from both mirror 31 and beamsplitter 33 in 
a scattering sample that is excited in its eneigy state by the 45 order to induce a variable delay in the time of arrival of the 
sel&ame laser l^t pulses, appropriately time phased, that laser Ught pulses at beamsplitter 33 and at subsequent points, 
originally gave rise to the x-ray pulse. X-ray spectroscopy is The beam line 22 is split by second beamsplitter 33 into 
thus promoted not only by the low cost and compact beam lines 24 and 25. As with the beam^litting performed 
avail<6ility of x-ray pulses that are sufficiently short and by first beamsplitter 30, the light energy within each of beam 
sufficiently intense so as to permit observation by x-ray 50 lines 24, 25 need not be equal in accordance with the 
diffi^ction of the successive stages of time-variant molecular reflectivity, and transmission, characteristics of beamsplitter 
reactions, but is also promoted by a capability of synchro- 33. Normally almost all of the light within beam line 22, 
nization of these reactions to the very x-ray pulses that about 99%, goes into beam line 24 and the remainder of the 
permit the reactions to be observed in the first place. (It can light, about 1%, goes into beam line 25. 
alternatively be considered that the x-ray pulses are syn- 55 xhe laser hght pulses in beam line 24 are transmitted 
chronized to the reactions.) through light transparent window 41 of high-vacuum assem- 
An x-ray source in accordance with the present invention bly 40 to illuminate photocathode 42. The window 41 is 
has utility based on its (i) ability to produce time-resolved normally clear optical quartz. The high-vacuum assembly 40 
x-rays from continuous to picosecond and shorter duration, maintains photocathode 42, and anode 43, in a high-vacuum 
(ii) excellent focus providing an x-ray emission spot size 60 at least less than 10"* torr and, typically about 10^' to about 
that is typically less than 0.5 mm in diameter, (iii) ability to 10"^° torr. One such high-vacuum assembly suitable to 
use different wavelengths of laser light that result in differing contain the preferred configuration, and spacing, of photo- 
quantities of emitted electrons and intensities of resultant cathode 42 and anode 43 (discussed hereinafter) is manu- 
x-rays, including x-rays of microjoule intensities in pico- factured by Huntington Mechanical Laboratories, 1400 Sti- 
second intervals, (iv) capability to operate with over a range 65 erlin Road, Mountainview, Calif. 94043. Other high-vacuum 
of high voltages in order to produce x-rays in the K, L, and chambers of other manufacturers are equally suiubly adapt- 
M bands, (v) substantial lade of heat build-up when operated able to the purposes of the present invention. 
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The photocatbode 42 and anode 43 eacb have a preferred (Ag), alunuDum (Al) or gold (Au), or oxides or halides of 

coofiguratioo, a preferred separation, and are each prefer- these metals (where possible). Hie semiconductor is pref- 

ably constructed of certain materials. The configuration and erably cesium (Cs), cesium antimonide (C^Sb) or gallium 

separation of the photocatbode 42 and anode 43 is a ftinction arsenide (GaAs). A preferred cathode is constructed firom 

of the desired shaping of the electron beam between such 5 tantalum (Ta) annealed on the surface of nidcel (CsjSb). 

photocatbode 42 and aixxle 43, and the magnitude of the Such a cathode exhibits excellent efficiency in the pccxhic- 

high voltage that exists between such photocatbode 42 and tion of electrons by the photoelectric effect in response to 

anode 43. One preferred program for the calculation of the incident green light (k^l93 imi), and exhibits many times, 

geometries, and separations, of both photocatbode 42 and approximately four times (x4) the fifty (50) hour service 

anode 43 is available from Stanford University as SLAC 10 lifetime reported by Lee, et al. 

Electron Optics Program Vector POT./PLOTFILE version of The anode 43 is preferably made of zirconium (Zr) copper 

July 1979. That computer program is directed to the calcu- (Cu) or molybdenum (Mo), but other known materials for 

lationof the contours of a ^berical anode that is used within producing x-ray radiation when bombarded with high- 

an electron gun. It is publicly available fi-om the Linear energy electrons arc also suitable. 

Accelerator program of Stanford University. 15 Returning to FIG. 1, a high voltage electrical potential is 

Apreferred configuration and separation calculated by the provided between anode 43 and photocatbode 42 by high 

SLAC Electron Optics Program for the photocatbode 42 and voltage power supply 60. The high voltage of power supply 

anode 43 is shown in cross-sectional plan view in FIG. 2. 6© is typically 100 Kv. However, it will be understood that 

The grid electrode 44 and the focusing plates 45 are also for the purposes of the present invention "high voltage" is 

shown. 20 any accelerating potential that is suitable for speeding iqi the 

Each of the photocatbode 42, anode 43, grid electrode 44 electrons in a beam of a cathode ray tube, 

and focusing plates 45 exhibit substantial dicular and radial In accordance with the principles of the invention for the 

symmetry about an imaginary line of focus 50. The only production of time-resolved x-ray pulses, the rK>minal 100 

substantial deviation from circular and radial symmetry is Kv voltage of high voltage power supply 60 is not neces- 

evidenced by the small front surface, oriented in the direc- ^ sarily continually applied between photocatbode 42 and 

tion toward photocatbode 42, of anode 43. That planar anode 43. Rather, such high voltage may be gated in the 

surface is typically angled at 45** relative to line of focus 50 circuit including photocatbode 42 and anode 43 by action of 

and relative to x-ray pulses 10 (to be discussed), as is best semiconductor switch device 70. 

shown in FIG. 1. 3q It is not required in order to produce time-resolved x-ray 
Hie distance X, or diameter of the photocathodo, is pulses that the high voltage power siqiply 60 should be gated 
typically about 1.75 centimeters (0.69 inches). The grid by semiconductor switch device 70. It is sufficient only that 
electrode 44, preferably in the shape of an annular ring the laser light, and the resulting photoemission of electrons 
having the indicated cross section and located in a position should be pulsed. Moreover, it is not a trivial matter to 
surrounding the photocatbode 42, has a diameter Y of switch 100 Kv in a few picoseconds, and undesirable arcing 
approximately 5.08 centimeters (2 inches). Its central aper- may occur between photocatbode 42 and anode 43 if the 
ture is approximately 1.78 centimeters (0.7 indies) in vacuum is not 10"^ torr or less. The reason that the high 
diameter, which is sufficient to tightly accommodate the 1.75 voltage is desirably switched, despite the care that must be 
centimeter (0.69 inch) diameter of photocatbode 42. The given to this procedure, is to better permit the close ^atial 
front surface of anode 43, which is typically about 0.254 ^ proximity of photocatbode 42 and anode 43, and the effec- 
centimeters (0.1 inches) in diameter, is nominally located at tive acceleration of tbe emitted electrons in buincbes, or 
distarKe Z°about 1.65 centimeters (0.65 iix;hes) from the packets, i.e., in pulses. Particularly if photocatbode 42 and 
surface of photocatbode 42. The major diameter of anode 43 arxxle 43 are at great separation (imdesirably allowing the 
is approximately 0.89 centimeters (0.35 inches). electrons to disperse during their flight from the phc^ocath- 
Hie one or more focusing plates 45, which are normally 45 ode to the anode), it will be recognized by a practitioner of 
of spheroidal contour with a central aperture, are located electron gun design that it may not be necessary or worth- 
approximately half way between cathode 42 and anode 43, while to switch tbe high voltage. 

or about 0.82 centimeters (032 inches) from either. The The semiconductor switch device 70 is preferably made 

focusing plates 45 are typically of hemispherical contour. from heavily P*" doped silicon. It is typically about 0.1 mm 

The configurations, and separations, of photocatbode 42, 50 depthxabout 3 mm widthxabout 5 mm length. It may be 

anode 43, and focusing plates 45 is directed to sharply particularly constructed from a LiTa03 crystal doped with 

focusing an electron beam to a minimum size point on the 2.24% Oi as taught in tbe article OPTICAL GENERATION 

surface of anode 43 when an approximate 100 kilovolts OF INTENSE PICOSECOND ELECTRICAL PULSES by 

electrical potential is applied bettveen anode 43 arxl photo- Auston, et al. appearing in App/L Phys. Lett. Nfohime 20, No. 

cathode 42. 55 10: pp. 398-399 (May 15, 1972). Tbe copper (Cu) impurities 

In accordance with the present invention, the material of have a strong absorption al 1.06 /mi. 
photocatbode 42 is improved over a similarly-employed The beam line 25 of laser light pulses from laser 21 is 
photocatbode reported in the article "Practical laser- reflected in two mirrors 34, whidi may be jointly located at 
activated photoemissive electron source" by Lee, et al., a variable distance from beamsplitter 33 and from 
appearing in Rev. ScL Instnun,, Vol. 56, No. 4: pp. 560-562 60 semiconductor switch 70, so as to impinge upon semicon- 
(April 1985). Lee, et al describe a cesium antimonide ductor switch 70. A prism may alternatively be used in 
(CsjSb) photocatbode that is alleged to be an improvement substitution for the two minors 34. Each laser light pulse 
on previous gallium arsenide (GaAs) and bialkali photo- striking tbe semiconductor switch 70 generates a macro- 
cathode materials. In accordance with the present invention scopic polarization in such switch resultant from the diSer- 
metal is added to a semiconductor material by mixing or, 65 ence in dipole moment between the ground and excited 
preferably, by depositing through sputtering or by annealing. states of the absorbing Cu** impurities. The semiconductor 
The metal is preferably tantalum (Ta). copper (Cu), silver switch 70 will be turned on, conducting the nominal 100 Kv 
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high voltage from power supply 60 to be applied between laser light impingent upoa it from beam line 24, It periodic 

photocathode 42 and anode 43, during tbe duration of each cally needs renewal, typically after greater than 200 hours of 

laser pulse (nominally 20-50 psec in duration). At other use at a higher, 0.66%, duty cycle. In order to do so, an x-ray 

times the semiconductor switch 70 will be turned ofif and the tube isolation valve 80 is opened. Tbe photocathode 42 is 

high voltage from high voltage power supply 60 will not be S withdrawn into the area under deposition monitoring view 

applied between photocathode 42 and anode 43. The switch- port 81 by use of a rotary-translation feedthrough, or transfer 

ing action of the preferred semiconductor switch 70 is device, 82. The distal, or operative, end of rotary translation 

exceptionally fast, on the order of 2 psec or less. feedthrough device 82 comprises a cathode holder 83. This 

Because lasers can produce light pulses of femtoseconds cathode holder 83 is moved in position while the x-ray tube 

duration, and because the switching time of the laser-light- lo isolation valve 80 is open so as to engage photocathode 42 

activated semiconductor switch that switches tbe high volt- and move it to position under deposition monitoring view 

age is on tbe order of a few picoseconds or less, the 81. At a later time the cathode holder 83, and the 

princq)les of the present invention are applicable to pioduc- rotary-translation feedthrough device 82, is used to restore 

ing x-ray pulses of even shorter than 20 picoseconds dura- photocathode 42 to its normal, operative, position as illus- 

tion. The shape and separation of the photocathode and the 15 trated. 

arxxle must, however, be precisely controlled in order to When the photocathode 42 is positioned under the depo- 

prevent electron beam di^rsion, and resultant lengthening sition monitoring view port 81 it is supplied with firesh 

of the x-ray pulses. cesium from cesium di^nser 84 and with fresh antimony 

It is not essential that a laser-light-activated semiconduc- fro™ antimony dispenser 85. This deposition is normally 

tor switch be used to switch the plication of the high ^ performed by sputtering in a high vacuum. At the conclusion 

voltage supplied by high voltage power supply 60 between of deposition tbe surface of photocathode 42 is substan- 

the photocathode 42 and anode 43. For example, a magne- ^ally renewed, and the photocathode 42 may be redeployed 

tron may alternatively be used. Such a magnetron would * further period of producing copious electrons by tbe 

normally be triggered in its switching action by an electrical photoelectric effect By a slightly differing mechanical 

circuit that is sensitive to the laser light pulses on beam line ^ arrangement (as illustrated) two cathodes may be employed, 

25. Such circuits, and magnetrons, arc commonly under- with one in use while the other is being resurfaced or held 

stood but arc deemed less suitable, and slower, than the ^ reserve. The rapidity of cathode renewal and substitution 

preferred semiconductor switch. If a magnetron is used, it ^ generally of greater importance when the x-ray source 1 

may be considered to occupy the location in FIG. 1 that is ^ ^*sed in a production, as opposed to a research, environ- 

identified by numeral 70. ^ ment. 

Cbntinuing in FIG. 1, a grid electrode 44 voltage biased The x-ray pulses 10 that are produced at anode 43 exit the 

by intermediate voltage power supply 61 may be used to high-vacuum assembly 40 through an x-ray transparent 

improve tbe bunching of electrons emitted from photocath- window 46 that is typically made of beryllium (Be), 

ode 42. As may best be observed in FIG. 2, the grid electrode The x-ray pulses 10 may optionally be gated in their path 

44 is positioned surroimding the photocathode 42. The to scattering sample 2 by an x-ray gating device 90. Such a 

focusing electrode(s) 45 are typically spaced at a separation device may be, for example, an apertured plate, or disk, 91 

of 0.82 centimeters (032 indies) £rom each of the photo- that is driven by a motor 92. The apertured disk 91 is made 

cathode 42 arxl anode 43. The grid electrode 44 is negatively of a material that is substantially opaque to x-rays, for 

biased relative to photocathode 42 by first intermediate ^ example lead (Pb). The ^rtures are transparent to x-rays, 

voltage power supply 61, nominally 3 Kv. The focusing The normal rotational speed of apertured disk 91, which is 

plates 45 are biased relative to photocathode 42 by second typically several hundred revolutions per minute, is oor- 

intermediate voltage power supply 62, nominally also 3 Kv. mally not sufficient so as to gate the passage of an x-ray 

Both the first intermediate voltage power supply 61 and the pulse 10, essentially traveling at the speed of light, between 

second intermediate voltage power supply 62 may exhibit a the anode 43 and the scattering sample 2 when such pulse is 

range of voltages, typically 2-8 Kv. It is normally preferred only 20-50 picoseconds (6-10 millimeters at the speed of 

that the voltage of second intermediate voltage power supply light) in length. 

62, and the volUge on focusing plates 45, should be equal to xhe gating performed by the apertures within the routing 
or greater than the voltage of first intermediate voltage apertured disk 91 can, however, be phased so that such 
power supply 61, and the voltage on grid electrode 44. rotating apertured disk 91 serves to truncate either the 
It may be noted that tbe voltage bias, and tbe electric field beginning, or the end, of a time-resolved x-ray pulse, 
within the vacuum assembly 40, that is created by the first Additionally, it should be understood that tbe time-resolved 
intermediate voltage power supply 61 is of an opposite x-ray source 1 in accordance with the present invention need 
polarity to the voltage, and electric field, created by the high oot operate exchisively to produce ultrashort, picosecond 
voltage power supply 60. Tbe first intermediate voltage 55 duration, x-ray pulses. In the event that the x-ray production 
power supply 61 could optionally be switched off, such as by is continuous, or is produced in pulses of typically millisec- 
an oppositely phased counterpart switch to semiconductor ond time duration, the x-ray gaing assembly 90 may use- 
switch 70, at the same time that high voltage power supply fiilly serve to gate the application of x-ray pulses 10 to 
60 is switched on. However, this additional switching is not scattering sample 2. 

necessary because the electric field created by first interrae- ^ jhe preferred material, and thickness, of the rotating 

diate voltage power supply 61 is insignificant in comparison apertured disk 91 is dependent, as is well in the art, on tbe 

to the elecUic field created by high voltage power supply 60. energy level of the x-ray pulses 10 which are intended to be 

Certain additional structure is usefully attached to high gated. The "opaque" and "transparent" regions of the disk 91 

vacuum assembly 40 in order to support the renewal of may substantially block or pass tbe x-rays 10, or may 

photocathode 42. The photocathode 42, preferably made of 65 attenuate such x-rays 10 to a variable degree. Normally the 

tantalum-surfaced cesium antimonide (Ta on CsjSb), is optional x-ray gating assembly 90 is not employed, but, if it 

subject to having its surface ablated by the high intensity is employed, it may serve as a useful secondary means of 



5,930331 

13 14 

controlling, and gating, both the timing and the intensity duration of the pholoemission from photocathode 42. If the 

application of x-ray radiation to an x-ray target object such high voltage power supply 60 is not to be switched by device 

as scattering sample 2. 70, then adjustment of delay VD3 makes it a simple matter 

In operation of the x-ray source 1 for the production of ^ trigger a photodiode, or other light sensor device, to turn 

continuous x-ray radiation, a continuous laser light beam 5 on high voltage power supply 60. This turn on typically 

produced by a laser 21 continuously impinges upon a transpires about 5 nsec before the arrival of the light pulse 

photocathode 42 that is located in a high vacuum in order to photocathode 42 via beam Hne 24. In other words, beam 

cause such photocathode 42 to continuously emit numerous line 25 is about 15 meter (5 feet) shorter to the point where 

electrons by the photoelectric effect. The emitted electrons sensed than is beam line 24 to the photocathode 42. The 

are continuously accelerated, and focused, in a continuous 10 power supply 60 is typically turned off after a predetermined 

high voltage electric field that is produced by high voltage li™c delay, normally of several microseconds, 

power supply 60, so as to continuously strike anode 43 at a If the high voltage from high voltage power supply 60 is 

small focal ^K>t, typically 0.5 mm or less in diameter. The to be switched by semiconductor switch device 70 to pho- 

resulting x-rays are used to illuminate a scattering sample 2, tocathode 42 and anode 43 simultaneously that the laser 

or other x-ray target 15 light puJse arrives at photocathode 42 via beam line 24, then 

Use of the x-ray source 1 in the production of time- ^ exacting alignment of x-ray source 1 is necessary. In 

resolved x-rays proceeds equivalently. In this use a puJsed order to conduct this alignment, both the semiconductor 

laser 21 produces time-resolved pulses of high intensity switch device 70 and the photocathode 42 are normally 

laser light. Each such laser light pulse causes the photo- temporarily replaced with photodiodes. The arrival of the 

emission of electrons from photocathode 42. The emitted ^ laser pulse at the two points is made to be coincident, to the 

electrons are preferably maintained in a spatial region that is limits of observational accuracy arxl jitter, by observing the 

proximate to photocathode 42, and separated from anode 43, coincidence of both photodiodes' signal ou^uls on an 

by use of a negatively-biased grid electrode 44. Upon such oscilloscope, and by adjusting the length beam line path 25. 

time as a cloud of electrors has been accumulated in the The shortening or lengthening of beam line path 25 is at the 

region between the photocathode 42 and grid electrode 44 ^ scale of 1 pseo-03 nun. 

within the high vacuum chamber 40, a laser light pulse turns The actual physical beam line paths 24 and 25 are 

on the semicorKhictor switch 70 in order to apply the high obviously not spatially laid out as illustrated in FIG. 1, 

voltage from high voltage power supply 60 to photocathode which is diagrammatic only. It is within the ability of a user 

42 and anode 43. Even though the first intermediate voltage of a laser to adjust the length of an optical path, and to 

power sui^ly 61 is not normally turned off, the accumulated ^ correlate in time events occurring on two such paths, 

electrons are accelerated from photocathode 42 through It may be useful to temporally ^read out, or dispense the 

electrode 44 to anode 43 as a tightly focused electron beam, arrival of the laser pulse on beam line 25 at semiconductor 

or beam packet. The beam packet of electrons strikes the switch device 70. In such a case a solution of bromo- 

anode 43, or any other electron target that is substituted in benzene in a glass tube may be placed in the beam line 25. 

their line of flight^^with high energy, producing a pulse of ,t ^^^^ ^ understood that it is not absolutely necessary 

x-ray radiation^ 1^ pulse of x-ray radiation, which is fo^ the laser light pulse that activates the semiconductor 

optionally gated and/or attenuated by a further x-ray gating ^ ^e synchronized (temporally coincident) with the 

means W, impinges upon the scaltenng sample 2, or other j^e photoemission. Photocmis- 

x-ray target ^ ^-^^ electron accumulation can precede acceleration and 

In accordance with still another aspect of the present focusing of the electron beam. Especially if a very intense 

invention, the scattering sample 2 is energized, inchiding for x-ray pulse is preferred to a very short one, it may be 

the initiation and/or maintenance of a molecular reaction advantageous to accrue electrons before switching on the 

therein, by the same laser light pulses that give rise to the high voltage. 

x-ray pulses. jjj accordance with the preceding discussion, certain 

This light energization of scattering sample 2 is accom- adaptations and alterations of the invention will suggest 

plished by directing the laser light pulses on beam line 23 themselves to practitioners in the art of designing x-ray 

with mirror 35, prism 36, and mirror 37 to impinge on sources. The temporal phasing between the various activities 

scattering sample 2. The prism 36 may be moved a variable performed in and by the x-ray source in accordance with the 

distance, VD2, relative to mirrors 35, 37 in order to adjust 50 present invention is widely variable. There need not even be 

the time at which laser light pulse line 23 is incident upon a one-to-one correspondence between each such activity, 

scattering sample 2 relative to the time at which x-ray pulses For example, the accumulation of electrons in the region 

10 are received at the same scattering sample 2. Due to the between electrode 45 and photocathode 42 could transpire 

relatively slow passage of the electron beam packet between for several laser light pulses. There need not be just one 

photocathode 42 and anode 43 within high vacuum assem- 55 semiconductor switch 70. Another such semiconductor 

bly 40, the time of incidence of the laser pulses on beam line switch, alternately phased, could be applied to the first 

23 at scattering sample 2 may be readily adjusted to be either intermediate voltage power supply 61. The switching of the 

earher than, coincident with, or later than, the time of arrival high voltage power supply need not be by a semiconductor 

of the x-ray pulses 10 at the same scattering sample 2. The switch, but could, alternatively, be by an appropriately 

present invention thus contemplates not only the economical go time-synchronized magnetron switch. Indeed, there may be 

and compact production of ultrashort time-resolved x-ray no switching of the high voltage power supply at all. There 

pulses, but also the convenient initiation and energization of need not be just one laser used in the x-ray source. Multiple 

molecular reactions that may usefully be examined with lasers, appropriately phased and adapted in frequency and 

such ultrashort time-resolved x-ray pulses. intensity relative to the separate tasks performed, could be 

The x-ray source 1 is aligned. A preferred alignment of 65 employed, 

time-resolved x-ray source 1 enables the high voltage to be The x-ray source in accordance with the present invention 

applied between photocathode 42 and anode 43 for the is adaptable to a wide range of (i) x-ray frequencies, (ii) 
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X-ray intensities, and (iii) x-ray pulse lengths from continu- opposite to the previous embodiment of FIGS. 1 and 2. For 

ous to picosecond and shorter duration. Asingle x-ray source this reason the wide area source is sometimes described as 

is, however, normally inefficient over an operational range "through-path-transmitting'*, meaning that the electron and 

that is simxiltaneously broad in all of the many variables. the x-ray radiation are along the same axis^ and in substan- 

This inefficiency results from a requirement for optimizing 5 tially the same direction. Low Z number metals arc preferred 

the configurations, and pacing, of the photocathode 42 and for the anode because they emit x-rays at longer 

anode 43 that cannot simultaneously be satisfied for a great wavelengths, such as the characteristic radiation of Al at 

range of many differential operational conditions. However, 0.83 nm. 

x-ray sources in accordarK:e with the present invention can in order to evaluate the output x-ray power of the wide- 

reactily be constructed to efficiently provide a broad range of lO area X-ray source in accordance with the present invention 

x-ray frequencies, intensities, and pulse durations that are the main characteristics of its diode construction should be 

usefiil to diverse x-ray spectroscopy aixJ x-ray lithography considered. In the pulsed mode of operation, when the 

activities, and to other activities requiring time-r&solved transit time t, of the electrons across the diode is less than the 

x-rays. laser pulse duration t^ the peak current density is given by: 

One embodiment of the invention is a pulsed x-ray source 

particularly directed for use in x-ray lithography. Using a ^~^^p 

tantalum film as the photocathode material and 266 nm . . . i i_i *l *u j 

, , 1 J J 1 1 J VT J VA ^ where q is the available charge on the cathode. Toe maxi- 

picosecond pulses from a pulsed mode locked Nd:YAG , r • • t_ 

r -.U L lu mum value of q per umt area is given by 

laser, electron bunches with a charge of 3 nC per puke have ^ *^ &• / 

been generated. These electron pulses are accelerated and 20 q~E^Vfd 

focused onto a copper anode to produce x-ray pulses with 

time width of a 20 ps and a brightness of 6.2x10** cm"^ sr"^ ^ere V is the applied voltage and d is the separation of the 

at the Ka wavelength (1.54 A). anode and cathode. 

The use of deep ultraviolet, 193 imi, light combined with If we assume a cathode area of 1 cm^, d-l cm and V-200 

the use of pure metal photocathodes is a very efficient as a ^ KV, the transient regime takes place for laser pulses shorter 

source of electrons, and hence of x-rays. The advantages of than 100 ps while the available electrons per imit area of the 

a metal photocathode include a quantum efficiency of the cathode are 1.1x10^^ electrons/cm^. For a photo-cathode 

order of approximately 10^^, a guaranteed long life at a quantum efficiency of 10"* a laser energy of 1.0 mJ/cm^ per 

moderate vacuum, and reliability over hundreds of hours of pulse in required. Assuming an Aluminum anode, the effi- 

use without incurring any observable deterioration or varia- ^ cieocy of the Ka line production will be of the order of 10"^, 

lion in performance. In addition, the use of pulsed radiation which means that 1.6 |d/cm^ of x-rays in the forward 

makes possible the generation of a very high peak photo- direction will be produced per pulse, 

current. High power x-ray pulses, with an average power of With a quite reasonable 50% transmission of the anode 

5Mw/cm^andapeakpowerof20Mw/cm^canbeemitted and substrate, a 0.8 /^/cm^ energy density per pulse is 

from surface areas as large as 10-20 cm^ and larger. '^^ produced on the working surface. This requirement fi>r laser 

The wide area x-ray source in accordance with the present light ilhimination should be compared with the with certain 

invention can accordingly be used in a simple close-contact UV radiation generating lasers (193 nm is discussed below) 

arrangement of the X-ray mask and the resist^without the currenOy available in the U.S A. market (circa 1991), which 

need of focusing! Because of the high intensity, short. X-ray lasers operate at a repetition rale up to 300 Hz. Thus, the 

pulses produced, the chemical amplification process in the average output is 240 ^/cm^. Therefore, a pulsed laser 

resist is increased— resulting in a much higher yield. system using an ArF amplifier with 20 mJ/pulse wiU be able 

In its wide-area embodiment the present invention is a ^ irradiate 20 cm^ of mask area simultaneously 

compact, high intensity, inexpensive, reliable, tunable The production of electrons may be m^eased by a factor 

pulsed x-ray (PXR) source providing reproducible x-ray by ^ 193 nm waveleijgth irradiaUon 

pulses with an intensity, up to approximately 20 mW/cra^ ^^n\^xm efficiency is reUted to the laser energy by 

that is comparable to that of other sources, such as impact ^hv-w Y 

tubes and laser-driven plasma-based sources. '^'A 

The wide-area x-ray source consists of a simple plane where A^^^ is a constant characteristic of the metal, hv is the 

diode, as illustrated in FIG. 3. The photocathode is made 50 laser photon energy and is the work frmction of the 

from a pure metal having a low work fimction, such as, for metal. This equation shows that the electron production 

example, Ta, Sm or Ni. The metal photocathode is irradiated quantum yield increases with the square of difference 

with laser pulses, preferably 193 nm laser pulses. Each t>etween the photon energy and work fiinction. An increase 

electron bunch that is emitted in response to a corresponding by at least a factor of 10 is realized by use of 193 nm laser 

laser pulse is accelerated to, and is focused onto, the anode ss pulses. 

by means of high electric fields. (The focusing is obviously in order to take full advantage of the enhanced quantum 
over a much larger area, normally ranging to a circular area efficiency as the work fiinction energy is exceeded, a new 
of up to 20 cm^, than is the focusing occurring in the arxl powerful source of 193 nm photons is required. In 
previous embodiment of FIGS. 1 and 2 — which previous accordance with the present invention, a new and powerful 
embodiment may be directed to producing a point x-ray go 193 nm x-ray source is based upon the use of an argon- 
source. Nonetheless, the electron bunch of the wide -area fluoride laser as an ampUfier. It is constructed as follows: A 
source is spoken of as being "focused" into a wavefront Nd:YLF laser emitting laser light at 1057 nm is 
because its dispersion, and its spatial extent (even if over a up-converted in frequency to generate pulses at 527 nm, 265 
relatively extended area) are obviously managed and nm and 211 nm wavelengths at a 1 Khz repetition rate. This 
controlled.) 65 manner of frequency conveision is known in the art. 

The anode is a thin metal foil which emits x-rays in the The 527 nm beam is next used to pump a dye laser which 

forward direction under electron impact. Note that this is emits 728 nm light. The next step involves the frequency 
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mixiDg, in a Baiium Borate (BBO) crystal, of the 728 am 
dye laser pulse with the 263 am foiutb hannooic of the 
frequeocy-converted primary laser pulse so as to generate a 
"seed" pulse at 193 nm wavelength. This part has not been 
done previously. Calculations show that there is a phase 
matching angle, and because tbe BBO crystal transmits 
about 50% at 192 nm, a strong seed pulse is generated for 
subsequent amplification. 

While the common argon-fiuoride laser has not been used 
extensively as an amplifier at 193 nm, other excimer lasers, 
such as the KrF laser at 248 nm, have been used with very 
satisfactory results for a long time. 

The complete wide-area x-ray source in accordance with 
the present invention, as described, is inexpensive. The main 
components of the system are currently available in the 
U.S.A. scientific market. Tbe development of the 192 am 
"seed" pulse is new, but straightforward. Tbe 300 Hz rate is 
limited only by the ArF amplifier. However, new excimer 
amplifiers — such as one from Lambda Physik with a 1 Khz 
rep-rate — are regularly entering the market. Regenerative 
amplifiers with YAG and YLF crystals offering repetition 
rates up to 1 kHz are conunercially available now with 1 
KHz now, and prototype lasers for laboratory use are avail- 
able with repetition rates up to 10 Khz. For a complete solid 
state system, the dye laser/amplifier stage of the present 
invention can alternatively be replaced with a Ti-sapphire 
laser. 

A table top wide-area x-ray source is thus able to produce 
x-ray radiation with average intensity in the range of 1 
mW/cm^ over an area of 20 cm^. The x-ray wavelength most 
conveoient will be in tbe rai^e of 0.1 run to 1 imi. If, instead 
of picosecond pulse, longer 10-20 ns pulses are used then 
higher average powers, can be generated, i.e., 20-30 
mW/cm^ of x-rays in a 20 cm^ area and with very little shot 
to shot variation because of tbe electroa saturation of the 
diode. The x-ray irradiation area can be increased to 40 cm^ 
or more without loss in the per cm^ flux, by simply increas- 
ing the diameter of the amplifier. 

Since the x-ray output of the source is of large size a 
contact mask will be most suitable, as illustrated in FIG. 3. 
The mask is normally placed tight against the anode at a 
separation ^5 micrometers. One preferred configuration 
involves the use of a mask and thick absorber. The thickness 
of the absorber is desirably more than an order of magnitude 
larger than the resolution limit. The thick absorber improves 
the contrast of tbe mask. Additionally, the distance between 
x-ray plate and the mask must be as small as possible (less 
than 5 micrometers). The high peak power of the x-ray will 
be advantageous for resists with chemical amplification 
since large numbers of electrons are produced in the exposed 
area within the short duration of the x-ray pulse— thus 
increasing the diemical amplification. 

A laser-induced pulsed wide-area x-ray source in accor- 
dance with the present invention typically generates 1-10 
mW/cm^ of x-rays from picosecond duration laser pulses, 
and 20-40 mW/cm^ of x-rays from 20 ns, 193 nm pulses. 
The pulse repetition rate is 300 Hz minimuim, 1,000 Hz 
typical. A table top size induces stable (±15%) x-ray pulses 
over large irradiation areas. The x-ray pulses are highly 
reliable, providing trouble free operation for hundred of 
hours. 

In accordance with the preceding explanation, tbe present 
invention should be interpreted broadly, in accordance with 
the following claims, only, and CK>t solely in accordance with 
that preferred embodiment within which the invention has 
been taught. 
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What is claimed is: 

1. An x-ray source for producing x-ray illumination over 
an area of a workpiece semiconductor substrate, the source 
comprising: 

a laser beam generating means for producing a laser light 
beam having a cross-sectional area substantially as 
large as tbe area of the workpiece semiconductor sub- 
strate; 

a photoelectron emitter means, intercepting the laser light 
beam over a light intercept area substantially as large as 
the laser light beam cross-sectional area, for produdi^ 
electrons by tbe photoelectric effect over an electron 
production area substantially as larg^ as the light inter- 
cept area; 

a high voltage means for generating an electric field for 
accelerating tbe produced electrons as an electron beam 
wavefiont over an area substantially as large as tbe 
electron production area; 

a metal foil, positioned to intercept the electron beam 
wavefront over substantially its entire area, for produc- 
ing x-rays over substantially the entire electron inter- 
cept area in refuse thereto; 

wherein because the x-rays are produced over substan- 
tially tbe entire electron intercept area, because the 
electron intercept area is substantially the entire area of 
the electron beam wavefront, because the area of the 
electron beam wavefront is substantially as large as the 
area of light intercept, because tbe area of light inter- 
cept is substantially as large as the laser light beam 
cross-sectional area, and because the laser light beam 
cross-sectional area is substantially as large as the area 
of the workpiece semiconductor substrate, the x-rays 
are produced over an area that is also substantially as 
large as tbe area of the worlq)iece semiconductor sub- 
strate. 

2. The x-ray source according to claim 1 wherein the laser 
beam generating means comprises: 

a laser means for producing pulses of laser light that 
constitute a temporally intermittent laser beam. 

3. The x-ray source according to claim 1 comprising: 

a high voltage switching means selectively operable to 
energize the high voltage means for a selected period of 
time for producing said wavefront of electrons during 
said period of time. 

4. The x-ray source according to claim 3 wherein the laser 
beam generating means comprises: 

a means for producing said laser beam as pulses in 
synchronization with the energizing of the hi^ voltage 
means. 

5. The x-ray source according to claim 4 wherein tbe high 
voltage switching means comprises: 

an electrical switch selectively operable to energize the 
high voltage means in response to and in synchroniza- 
tion with said laser beam pulses. 

6. Tbe x-ray source according to claim 1 wherein the 
spatially extended photoelectron emitter means comprises: 

a photocathode; 

wherein tbe spatially extended metal foil comprises: 
an anode; 

and wherein the high voltage means comprises: 

a source of a high voltage potential between the anode 
and the cathode. 

7. The x-ray source according to claim 1 wherein the 
photoelectron emitter means consists essentially of pure 
metal having a low work function. 
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8. The x-ray source according to claim 7 wherein the pure 
metal having a low work function consists essentially of a 
metal from the group of Ta, Sm, and Ni. 

9. The x-ray source according to claim 1 wherein the 
metal foil consists essentially of aluminum. S 

10. The x-ray source according to claim 1 wherein the 
spatially extended pbotoelectron emitter means comprises: 

a substantially planar photocathode; 
and wherein the spatially extended metal foil is substan- 
tially planar. 

11. The x-ray soiu-oe according to claim 1 wherein the 
spatially-extended pbotoelectron emitter means comprises: 

a spatially-extended photocathode consisting essentially 
of a semiconductor in combination with a metal. 

12. The x-ray source according to claim 11 wherein the 
spatially-extended photocathode's semiconductor is 
selected from the group con^sting essentially of cesium and 
cesium antimonide and oxides pf cesium aixl cesium anti- 
monide. 

13. The x-ray source according to claim 11 wherein the ^ 
spatially-extended photocathode 's metal is selected firom the 
group consisting of tantalum, copper, silver, aluminum and 
gold, and oxides of tantalum, copper, silver, and aluminum, 
and halides of tantalum, copper, silver, and aluminum. 

14. The x-ray source according to claim 11 wherein the 
spatially-extended photocathode i^atially-extended photo- 
cathode consists essentially of the metal deposited on the 
surface of the semiconductor. 

15. The x-ray source according to claim 11 wherein the 
spatially-extended photocathode consists essentially of the 
metal substantially homogeneously mixed in bulk with the 
semiconductor. 

16. The x-ray source according to claim 11 wherein the 
spatially-extended photocatbode's semiconductor com- 
prises: 

a substrate; 

and wherein the photocathode 's metal comprises: 
a layer upon the semiconductor substrate. 

17. The x-ray source according to claim 16 wherein the ^ 
^atially-extended photocathode's metal layer is sputtered 
on the photocathode 's semiconductor substrate. 

18. The x-ray source according to claim 16 wherein the 
spatially-extended photocatbode's metal layer is armealed to 
the surface of the pbotocathode's semiconductor substrate. 

19. A method of producing x-ray iUumination over an area 
of a workpiece semiconductor substrate, the method com- 
prising: 

illuminating with a laser light beam having a cross- 
sectional area that is substantially as large as the area of 5Q 
the workpiece semiconductor substrate an area of a 
pbotoelectron emitter in order to produce electrons by 
the photoelectric effect over the pbotoelectron emitter 
area; 

generating a high voltage electric field in order to accel- 55 
erate the produced electrons as a wavefront of 
electrons, the wavefront occupying an area substan- 
tially as large as the pbotoelectron emitter area from 
whence the electrons arose; and 

intercepting the wavefront of electrons with an area of 50 
metal substantially as large as the wavefront in order to 
produce x-ray radiation over an area of intercept sub- 
stantially as large as the wavefront of electrons; 

wherein the cross^sectional area of the laser light beam, 
the pbotoemitter area, the area of the wavefront of 65 
electrons, the area of intercept, and the x-ray produced 
radiation are all substantially the same size, and are all 
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substantially as large as the area of the workpiece 
semiconductor substrate. 

20. The method of producing x-ray illimiination over a 
spatially extended area according to claim 19 wherein the 
illuminating comprises: 

illuminating with the laser light the spatially extended 
area of a spatially-extended photocathode consisting 
essentially of a senuconductor in combination with a 
metal. 

21. The method of producing x-ray illumination over a 
^tially extended area according to claim 20 wherein the 
illuminating of the spatially-extended photocathode consist- 
ing essentially of a semiconductor in combination with a 
metal serves to illimiinate a semiconductor selected from the 
group consisting essentially of cesium and cesium anti- 
monide and oxides of cesium and cesium antimonide. 

22. The method of producing x-ray illumination over a 
^atially extended area according to claim 20 wherein the 
illuminating of the spatially-extended photocathode con;^- 
ing essentially of a semiconductor in combination with a 
metal senses to iUuminate a metal selected from the groiq) 
consisting of tantalum, copper, silver, aluminum aixl gold, 
and oxides of tantalum, copper, silver, and aluminum, and 
halides of tantalum, copper, silver, and aluminum. 

23. The method of producing x-ray illumination over a 
^tially extended area according to claim 20 wherein the 
illuminating is of the spatially-extended photocathode con- 
sisting essentially of the metal deposited on the sur&oe of 
the semiconductor. 

24. The method of producing x-ray illumination over a 
spatially extended area according to claim 20 wherein the 
illununating is of the spatially-extended photocathode con- 
sisting essentially of the metal substantially homogeneously 
nuxed in bulk with the semiconductor. 

25. A method of producing x-ray illumination over a area 
of a workpiece semiconductor substrate, the method com- 
prising: 

illuminating with a laser light beam having a cross- 
sectional area that is substantially the same as an area 
of the workpiece semiconductor substrate an area, 
substantially the same size as is the laser Light beam 
cross-sectional area, of a photocathode consisting 
essentially of a semiconductor in combination with a 
metal in order to produce electrons by the photoelectric 
effect over a pbotoelectron emission area substantially 
the same size as are both the laser light beam cross- 
sectional area and the workpiece senuconductor sub- 
strate; 

generating a high voltage electric field in order to accel- 
erate the produced electrons as a wavefront of 
electrons, the wavefront occupying an area substan- 
tially the same size as the pbotoelectron emission area 
from whence the electrons arose; and 

intercepting the wavefront of electrons with metal in order 
to produce x-ray radiation over an area of intercept that 
is substantially the same size as is the wavefront; 

wherein the cross^sectional area of the laser light beam, 
the pbotoelectron emission area, the area of the wave- 
front of electrons, and the area of intercept are all 
substantially the same size, and are all substantially the 
same size as the worlq)iece semiconductor substrate. 

26. An x-ray source for producing x-ray illumination over 
a area of a worlq)iece semiconductor substrate, the source 
comprising: 

a laser beam generating means for producing a laser light 
beam having a cross-sectional area that is as large as the 
area of the worlqiiece semiconduaor substrate; 
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a semiconductor; 

a metal layer oo tbe semiconductor, which metal layer 
emits electrons by tbe photoelectric effect in response 
to illumination by light, intercepting the laser light 
beam over a light intercept area as large as the laser 
light beam cross-sectional area, for producing elections 
by tbe photoelectric effect over an electron production 
area as large as the light intercept area; 

a high voltage means for generating an electric field for 
accelerating the produced electrons as an electron beam 
wavefront over an area as large as the electron produc- 
tion area; 

a metal foil, positioned to intercept the electron beam 
wavefront, for producing x-rays over an electron inter- 
cept area as large as the electron beam wavefront in 
re^x)nse thereto; 

wherein because the x-rays are produced over the entire 
electron intercept area, because the electron intercept 
area is as large as tbe electron beam wavefront, because 
the area of tbe electron beam wavefront is as large as 
the area of light intercept, because the area of light 
intercept is as large as the laser light beam cross- 
sectional area, and because the laser light beam cross- 
sectional area is as large as tbe area of tbe worlq>iece 
semiconductor substrate, the x-rays are produced over 
an area that is also as large as the area of the worlq}iece 
semiconductor substrate. 

27. An x-ray source for producing x-ray illumination over 
a area of a workpiece semiconductor siU>strate, tbe source 
comprising: 

a laser beam generating means for producing a laser light 
beam; 

a photoelectron emitter means, intercepting the laser light 
beam in order to produce by the photoelectric effect 
electrons over an electron production area that is as 
large as is tbe area of the workpiece semiconductor 
substrate; 
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a high voltage means for generating an electric field in 
order to accelerate the produced electrons as an elec- 
tron beam wavefrx>nt having an area that is as large as 
is tbe area over which tbe electrons were produced, 
namely an area that is yet again as large as is the area 
of the workpiece semiconductor substrate; 

a metal foil for intercepting the entire electron beam 
wavefront in order to produce x-rays over an area of 
electron intercept that is as large as is tbe area of the 
electron beam wavefront, namely an area that is still yet 
again as large as is the area of the workpiece semicon- 
ductor substrate. 

28. A method of producing x-ray illumination over a area 
of a workpiece semiconductor substrate, the method com- 
prising: 

producing a laser light beam with a laser; 

intercepting tbe laser light beam with a photoelectron 
emitter in order to produce by the photoelectric effect 
electrons over an electron production area that is as 
large as is the area of tbe worlqpiece semiconductor 
substrate; 

generating with a high voltage source an electric field in 
order to accelerate tbe produced electroiK as an elec- 
tron beam wavefront having an area that is as large as 
is tbe area over which tbe electrons were produced, 
namely an area that is as large as is tbe area of the 
workpiece semiconductor substrate; and 

intercepting with a metal foil the entire electron beam 
wavefront in order to produce x-rays over an area of 
electron intercept that is as large as is the area of the 
electron beam wavefront, namely an area that is as 
large as is tbe area of tbe workpiece semiconductor 
substrate. 



